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Abstract

Using adsorbents for direct air capture (DAC) is a promising and necessary carbon dioxide
removal technology for climate change mitigation. However, the deployment of adsorption-based DAC
technologies at scale still needs to be greatly accelerated. One area of focus is the development of new
adsorbent materials for DAC, which subsequently need to be screened via process modelling and
optimisation to assess their process scale performance. Yet, the adsorbent data needed to conduct this
evaluation is rarely available.

This thesis aims to address this gap by measuring the physicochemical, equilibrium sorption,
and kinetic sorption properties needed to facilitate the process scale evaluation of select adsorbents that
represent three distinct classes of materials: polymeric resins, metal organic frameworks (MOFs), and
zeolites. Polymeric resins are commercially available, and their amine functionality imparts high CO»
adsorption. Here, I conducted the first assessment of Purolite A110 for DAC and found that it often
surpasses the adsorption performance of a benchmark DAC adsorbent, Lewatit VP OC 1065. Amongst
MOFs, ultramicroporous MOFs exhibit high CO; affinity and relatively low heat of adsorption. Here, I
investigated TIFSIX-3-Ni and showed it could be a promising DAC adsorbent in terms of its CO; uptake
and manufacturability, but with limited stability under certain process conditions. Finally, zeolites are
an industrially established class of adsorbents, though their hydrophilicity and relatively low CO;
adsorption at low pressure can be an obstacle for DAC. Here, I functionalised a commercially available
“hydrophobic” zeolite with amine groups to combine hydrophobicity and CO»-philicity. Yet, the results
showed that functionalisation caused poor CO; adsorption kinetics and/or increased H,O adsorption.

Overall, this thesis increases the synergy between adsorbent and process development for DAC.
The new adsorbent data provided can now facilitate process scale evaluation of these adsorbents, which

can help advance the deployment of adsorption-based DAC technologies.
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Chapter 1: Introduction

Parts of this discussion were previously published by the thesis author in the Journal of Chemical &

Engineering Data [1] or on ChemRxiv [2].

1.1 Background

The 2015 Paris Agreement saw 196 countries commit to limiting global temperature rise to below
2 °C, and preferably below 1.5 °C. According to recent reports by the Intergovernmental Panel on
Climate Change (IPCC), this scenario can only be achieved with carbon dioxide removal (CDR)
technologies [3]. The use of adsorbents to remove CO, directly from the atmosphere, i.e. adsorption-
based direct air capture (DAC), is a CDR technology actively being investigated. It is a challenging
process due to the ultra-dilute concentration of CO> in the air (~ 0.04%vo1 or 0.4 mbar) and varying
ambient conditions (i.e. temperature and relative humidity), but it allows the amount of CO, captured

to be quantitatively measured and facilitates a pathway for long-term carbon storage.

The current CO, capture capacity of commissioned adsorption-based DAC plants worldwide is on
the order of ~ 10 kt year™ [4]. However, this only equates to 0.0002% of the CO, removal goal of 4.8
Gt year! by 2050 stipulated in the “below 2 °C” scenario (of which 2.7 Gt year! is thought to be
removed by engineered CDR technologies such as DAC) [5]. Hence, much work is still needed for the

scale-up of these DAC processes.

One aspect actively being researched is the development of new adsorbent materials. Since 2016,
hundreds of adsorbents have been proposed for DAC in the literature, including silicas, metal oxides,
metal-organic frameworks (MOFs), zeolites, carbons, and polymers. Some of the most reported metrics
are the adsorbents’ CO; uptake at 0.4 mbar, or a CO; isotherm at a single temperature (usually 25 °C).
However, it has been established that simple metrics such as these are not sufficient for adsorbent
screening. Instead, key performance indicators determined from process modelling and optimisation,
such as purity, recovery, productivity, and energy consumption, should be used [6-9]. In the case of

DAC, these are especially important to determine the net CO» removal achieved by the process.
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To facilitate this process scale evaluation, various adsorbent properties are required such as:
equilibrium isotherms of all relevant species, heat and mass transfer coefficients, porosity, density
(skeletal, pellet, bed), heat capacity, and heat of adsorption. Furthermore, while not direct inputs for
process modelling, other factors such as an adsorbent’s manufacturability (i.e. reproducibility and
shaping) and stability to process conditions (i.e. humidity, temperature, and cycling) will influence the
practicality of its use in a DAC process and even the process design. Currently, it is extremely rare to
find adsorbents in the literature with all the necessary properties reported, even when considering
numerous sources. My thesis aims to minimise this data gap by investigating the physicochemical,
equilibrium sorption, and kinetic sorption properties of select promising DAC adsorbents. The
adsorbents are either commercially available, emerging adsorbents, or new adsorbents developed as
part of this thesis. By doing so, I hope to facilitate process scale evaluation of these adsorbents for DAC

and help the advancement and scale-up of this technology.

1.2 Thesis overview

This thesis consists of nine chapters. Chapter 1 (this chapter) provides a brief introduction to the
current state of adsorption-based DAC. Chapter 2 provides a thorough literature review of the current
data availability for DAC adsorbent materials before covering in Chapter 3 my research objectives
based on the data gaps highlighted throughout the literature review. Chapter 4 describes the materials,
synthesis procedures, and experimental methods used throughout my PhD. Chapters 5 to 7 present the
results of my studies on the physiochemical and equilibrium sorption properties of commercial
polymeric resins (Lewatit VP OC 1065 and Purolite A110, Chapter 5), an ultramicroporous MOF
(TIFSIX-3-Ni, Chapter 6), and synthesised amine-functionalised zeolite adsorbents (Chapter 7).
Chapter 8 then covers the kinetic sorption studies conducted for the resins and MOF. Finally, Chapter
9 summarises the key findings of each study and highlights future work still to be done. Supplementary

results that complement each chapter are provided in associated Appendices.
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Chapter 2: Literature review

Some of the discussion and figures/tables used in this chapter were previously published by the thesis
author in Chemical Engineering Research and Design [10] and the Journal of Chemical & Engineering
Data [1]. Production of Figures 2.1 and 2.6, and calculation of the volumes of different gas streams
processed for capturing 1 kg of CO,, were done by Lucy Barton at Imperial College London. All other

work was completed by the thesis author.

2.1 Overview of adsorption-based DAC

The Intergovernmental Panel on Climate Change (IPCC) has established that carbon dioxide
removal (CDR) technologies are essential to meeting the “below 2 °C” targets set out by the 2015 Paris
Agreement [3]. These technologies remove CO, from the atmosphere and store it durably in soils,
geological formations, biomass, or in the ocean. Examples of CDR technologies include
afforestation/reforestation, enhanced weathering, biochar, soil carbon sequestration, ocean
alkalinisation, bioenergy with carbon capture and storage (BECCS), and direct air carbon capture and
storage (DACCS) [5]. Amongst these technologies, DACCS offers long-term carbon storage and allows
the amount of CO; captured to be accurately measured.

Direct air capture (DAC) is accomplished using either absorption- or adsorption-based
processes. Absorption-based processes capture CO, within the bulk of the sorbent material which can
include aqueous hydroxides, solid alkali metal oxides, and aqueous amine solutions [11]. These
processes require high regeneration energies, where reacted hydroxides and oxides forming carbonates
undergo calcination temperatures upwards of 700 °C [12], and aqueous amine solutions must contend
with the high specific heat capacity of water [13]. In comparison, adsorption processes capture CO; on
the surface of a solid porous material and typically require milder regeneration conditions closer to 100

°C [11]. From here, this thesis focuses on adsorption-based DAC.
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2.1.1 DAC adsorption process

In a typical DAC adsorption process (Figure 2.1), air is delivered as a feed gas to a contactor
containing the adsorbent which selectively captures CO, under the local atmospheric conditions (i.e.
temperature and relative humidity (RH)). Here, CO, adsorption happens via either physisorption due to
intermolecular forces such as electrostatic and van der Waals’ forces, or chemisorption due to a
chemical reaction between CO, and the adsorbent surface where covalent or coordination bonds are
formed. The separation of CO; from other compounds in air such as N», O», and H>O occurs through
equilibrium, kinetic, or molecular sieving separation. Equilibrium separations are due to differences in
affinity between different adsorbates with the adsorbent. Kinetic separations depend on differences in
adsorbate diffusion rates through the pores, where molecules with slower diffusion do not have
sufficient time to reach the adsorption site and adhere to the surface, and thus can be separated from the
mixture. Lastly, molecular sieving separates adsorbates based on their size, where molecules that are

larger than the pore size of the adsorbent are unable to be adsorbed.
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Figure 2.1. Schematic of a typical adsorption-based DAC process.
After adsorption, the CO; is purged from the adsorbent material using a chosen desorption method
such as steam-assisted temperature swing adsorption (S-TSA), temperature-vacuum swing adsorption

(TVSA), or moisture swing adsorption (MSA). A review of different desorption processes (as well as

different contactor designs) can be found in the review article by Low et al. [10], while a recent review
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by An et al. [14] covers more novel desorption methods such as microwave regeneration [15-17] and
electric swing adsorption (ESA) [18]. The recovered CO, is then either permanently stored in geological

sites [19], utilised, or converted for additional applications [13, 20].

2.1.2 Current state of deployment

Over 20 adsorption-based DAC projects have been commissioned around the world at the
demonstrator, pilot, and commercial scale (Table 2.1). Without accounting for projects which have
explicitly been stated to be non-operational, and assuming all other projects are currently operational,
the current CO, capture capacity of adsorption-based DAC is ~ 7 kt year'. This is in line with the
International Energy Agency’s assessment that 27 DAC plants (both absorption- and adsorption-based)
have been commissioned worldwide as of July 2023, with a total CO, capture capacity of almost 10 kt
year'! [4]. To put this value into perspective, 10 kt year™! is only equivalent to 0.0002% of the CO,
removal goal by 2050 stipulated in the “below 2 °C” scenario (a total of 4.8 Gt year™!, of which 2.7 Gt
year! is thought to be removed by engineered CDR technologies such as DAC) [5]. The most recent
summaries of the industrial deployment of DAC, including yet to be commissioned projects, can be

found in reports by Bisotti et al. [21] and Wang et al. [22].
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Table 2.1. Overview of commissioned adsorption-based DAC projects using data compiled by the IEA

[23], Sovacool et al. [24], Ozkan et al. [25], and Low et al. [10].

Company Location CO; capture capacity CO, fate Start date
(tmetric year™)

Climeworks Germany 1 Utilisation 2015
Switzerland 50 Utilisation 2016
Switzerland 900 Utilisation 2017
Iceland 50 Storage 2017
Switzerland 600 Utilisation 2018
Switzerland 3 Utilisation 2018
Italy* 150 Utilisation 2018
Germany 3 Utilisation 2019
Netherlands 3 Utilisation 2019
Germany 3 Utilisation 2019
Germany 50 Utilisation 2019
Germany 50 Utilisation 2020
Germany 3 Utilisation 2020
Germany 3 Utilisation 2020
Iceland 4000 Storage 2021

Global Thermostat  California, USA* 500 Unknown 2010
California, USA* 1000 Unknown 2013
Alabama, USA* 1000 Unknown 2018
Colorado, USA [26] 1000 Unknown 2022

Infinitree New York, USA 100 Utilisation 2014

CSIRO Australia 2 Unknown 2020

Soletair Power Finland [27] 20 Unknown 2023

*: project explicitly stated to be non-operational

2.1.3 Technical challenges

DAC presents unique challenges when compared to more mature carbon capture technologies
such as post-combustion capture. The first is the ultra-dilute concentration of ~ 0.04%.1 (or 400 ppm)
CO; in air. At the conditions of 1 atm, 25 °C, and 50% RH, ~ 1400 m? of air would need to be processed
to capture 1 kg of CO; assuming 100% capture rate. In comparison, the volume of gas that would need

to be processed from a natural gas or cement flue gas stream is only ~ 14 m? or ~ 2.5 m?, respectively,
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i.e. roughly a 100- or 500-fold decrease. As a result, adsorbents used for DAC not only need to be
extremely selective for CO,, but they must also have fast adsorption kinetics to maintain adequate
productivity (i.e. tonnes of CO- produced per day, per tonne of adsorbent).

Another challenge DAC faces is the wide variation in global atmospheric conditions. While a
benefit of DAC is its siting flexibility, subsequently, adsorbents and machinery used for DAC will have
to be tolerant to temperatures ranging from below -30 °C (e.g. Alberta, Canada) to above 40 °C (e.g.
Dubai, UAE). Figure 2.2 showcases the range of temperatures and relative humidity in different
locations where DAC projects have been commissioned. Not only is there wide variation between
different geographical locations, the average monthly temperature and relative humidity in a year can
vary by more than 25 °C and 35% RH, respectively, within the same site. Therefore, adsorbents used
for DAC should be viable across the range of temperatures and relative humidity relevant to the
geographical location of interest. The impact of varying atmospheric conditions such as cold
temperatures and humidity on an adsorbent’s performance for DAC has been highlighted in several

recent works [28-33].
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Figure 2.2. Overview of the monthly average temperature and relative humidity distribution of the
different DAC project locations listed in Table 2.1, based on data collected between 1999 and 2021 by
the European Centre for Medium-Range Weather Forecasts (ECMWF) [34]. Data from the capital cities
of each state/country was used as exact locations of projects were not available. Box edges represent
the 25th and 75th percentile, whisker edges represent the minimum and maximum data points, the solid

line through the box represents the median, and the filled square symbol represents the mean.

2.1.4 Screening adsorbents for DAC

Hundreds of CO; adsorbents currently exist in the literature. To determine their suitability for
DAC applications, adsorbent screening needs to be conducted. Recent studies have shown that the
design of the adsorption process closely influences the performance of the adsorbent material [6-9].
Therefore, key performance indicators determined from process modelling and optimisation such as
purity, recovery, productivity, and energy consumption should be used for adsorbent screening [35]. In
the case of DAC, these are especially important to determine the net CO, removal achieved by the
process. To conduct process scale evaluation, various adsorbent properties are needed as outlined in

Table 2.2. In addition, while not direct value inputs into process modelling, other properties such as the
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ability to shape an adsorbent and its mechanical, thermal, hydrolytic, oxidative, and cyclic stability will

also influence its use in, and design of, an adsorption process.

Table 2.2. Summary of adsorbate and adsorbent properties required in the modelling of an adsorption-

based DAC process.
Adsorbent property required Process modelling output
Equilibrium isotherms considering co- Total amount adsorbed and desorbed
adsorption for ALL adsorbing components in
ambient air at multiple temperatures
Overall mass transfer coefficient Rate of mass transfer and adsorption
Density (skeletal, particle, bed) Mass of solid and volume of process contactor
required
Porosity (particle, bed) derived from pore Total volume of gas in vessel space and mass of
volume estimation adsorbent
Heat capacity (adsorbent and adsorbed phase) Heat required to perform desorption
Heat of adsorption (of all adsorbing Required energy input for desorption and
components) process temperature changes
Overall heat transfer coefficient (related to Rate of heat transfer in material
thermal conductivity of adsorbent)

2.2 Characterisation of DAC adsorbents

In this section, I review the data availability of the different adsorbent properties highlighted in
Table 2.2 which are needed to facilitate process modelling. These can be sub-divided into
physicochemical, equilibrium sorption, and kinetic sorption properties. I also review data regarding the
shaping and mechanical, thermal, hydrolytic, oxidative, and cyclic stability of adsorbents as these still
influence the design of an adsorption process.

I conduct a thorough review of DAC adsorbents developed between 2016 and 2021 as an update
to the adsorption component of the 2016 review by Sanz-Pérez et al. [12]. A detailed tabulation of the
adsorbent properties for these materials are provided in Appendix Al (Tables Al.1 to Al.12). Key
studies from 2022 onwards are also highlighted throughout this chapter. While there have been
numerous reviews on adsorbent materials for DAC in recent years [36-42], my focus on the connections

and current data gaps between adsorbent development and process studies for DAC is a relatively
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unique approach. Only very recently have other works such as those by Young et al. [43] and Wu et al.
[44] also begun to highlight the connection between DAC adsorbent development/characterisation and
process performance.

To put the following discussions into perspective, it is important to note that there is currently
no “official” benchmark adsorbent for DAC, which leads to an absence of reference DAC adsorbent
properties. A convenient benchmark would be an adsorbent used in current DAC commercial processes,
yet today, many of their properties remain proprietary. Recently, Young et al. proposed semi-
quantitative guidelines for the optimisation of different adsorbent parameters for an “ideal” DAC
adsorbent for a TVSA and steam-assisted TVSA process [43]. However, calculations of theoretical
optimal values for each adsorbent property are still unavailable. While a priori possible, building such
theoretical framework remains complex, owing to the interdependent nature of the various adsorbent

properties.

2.2.1 Physicochemical properties

Physicochemical properties encompass an adsorbent’s density (skeletal, particle, bed), textural
properties (surface area, total pore volume, micropore volume), and thermal properties (specific heat
capacity, thermal conductivity, thermal stability). These data for adsorbents studied between 2016 and
2021 are summarised in Figure 2.3, where I have classed the adsorbents being investigated for DAC
into six categories: silicas, metal oxides, metal organic frameworks (MOFs), carbons, zeolites, and
polymers. These adsorbents can either be functionalised or unfunctionalised, where functionalisation
typically “converts” a physisorbent into a chemisorbent. Amines are the most common chemicals used
for functionalisation, e.g. polyamines and aminosilanes. Primary and secondary amines perform better
for DAC adsorption compared to tertiary amines, which require the presence of moisture to react with
CO; [12]. Amines can either be physically impregnated (class 1), or covalently grafted to the
adsorbent’s surface either by silane linkages (class 2) or via in-situ polymerisation (class 3) [12].
Carbonate functionalisation can also be used for CO, capture, although in this case, adsorption occurs

only in the presence of moisture [45]. For each physicochemical property, I first explain how it can be
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measured and then discuss the data collected in terms of both their availability and the implications of

the values reported.
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Figure 2.3. Comparison of a) skeletal density, b) particle density, c) bed density, d) BET surface area
(Sger), €) total pore volume, f) micropore volume, g) specific heat capacity, h) thermal conductivity,
and 1) thermal stability values between different adsorbent categories, both with and without additional
functionalisation. Box edges represent the 25" and 75" percentile, whisker edges represent the
minimum and maximum data points, the solid line through the box represents the median, and the filled
square symbol represents the mean. Total number of data entries are labelled to the left of each box to

better understand the spread of data. All data entries can be found in Tables Al.1 to Al.6.
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2.2.1.1 Skeletal density

Skeletal density (pskeictal) 1s defined as the mass of a single particle of adsorbent divided by the
volume of the particle without including any open pores. The term particle can refer either to a single
powder particle of the adsorbent, or to a single bead/pellet macrostructure. The skeletal density can be
measured experimentally using a variety of methods such as helium pycnometry [46], helium
gravimetry [47], or a combination of N, adsorption at -196 °C and mercury intrusion porosimetry [48].
Skeletal density is not always a direct input in process models but is needed to calculate other necessary
parameters such as the total adsorbent porosity. While commonly measured for high pressure adsorption
experiments, only three DAC specific publications reported skeletal densities and most of the values
reported in Figure 2.3a were collected from ‘non-DAC’ publications. Overall, the availability of skeletal

density is still sparse for adsorbents considered for DAC.

2.2.1.2 Particle density

Particle density (pparicie) 1s defined as the mass of a single particle of adsorbent divided by the
envelope volume of the particle, which includes both the open and closed pores. It can be measured
experimentally using mercury intrusion porosimetry [47] or gas pycnometry [49]. For unfunctionalised
crystalline materials (e.g. MOFs and zeolites), the particle density can be calculated based on the
crystalline structure of the materials. For process modelling, the pellet or bead density is needed rather
than the density of the powder particle. Indeed it has been identified as one of the key adsorbent
parameters affecting the productivity of a DAC process as it directly impacts the adsorbent bed density
[43]. A higher particle density typically yields a higher bed density, lower porosity, and greater
mechanical stability. The particle densities presented in Figure 2.3b are mostly for powders except for
the polymer materials, which are for a single bead, and some zeolites, which have both powder and
pellet densities reported (specified in Tables Al.l1 to Al.6). Figure 2.3b highlights the sparsity of

particle density data for most materials except MOFs and zeolites.
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2.2.1.3 Bed density

The bed density (pwea) is defined as the mass of the adsorbent divided by the volume of the
vessel it occupies. It can be measured by simply filling a container of known volume with adsorbent
and accurately weighing the contents [50]. However, due to the quantity of material needed, typically
on the gram scale, this technique is not suited to non-commercial adsorbents. As such, much less data
is available compared to other parameters which require less sample mass for measurement, such as the
surface area and pore volume. The lower the bed density, the less adsorbent can be placed within the
vessel volume, and the lower the volumetric CO; adsorption capacity of the bed. However, a higher bed
density implies lower adsorbent porosity, which in turn could lead to restricted kinetics.
Functionalisation fills the adsorbent pores which thus decreases the adsorbent porosity and increases
the bed and particle density. Figure 2.3c shows a rather large span of mean density values, from ~ 0.10
to 0.70 g cm™. For context, commercial zeolite 13X beads from BASF have a reported bed density of
0.65 t0 0.70 g cm™ [51].

Approximately half of the bed densities reported in Figure 2.3c are for adsorbents in powder
form, while more than 75% of the adsorbents tabulated in Tables Al.1 to Al.6 are synthesised as
powders. However, adsorbents in this form are often impractical to use in an actual process as they
would be difficult to handle, and their dense packing would result in high pressure drop and poor heat
and mass transfer. Rather, shaping powder adsorbents and reporting the shaped adsorbent’s bed density
would be more useful for adsorption processes. In a positive trend, there appears to be an increase in
studies reporting on shaped adsorbents for DAC, with roughly the same number of studies (~ 20 to 30)
published between 2022 to 2024 and 2016 to 2021. Examples of shaped forms investigated in the last
two years include monoliths [18, 52-55], fibres [56-63], pellets [53, 64, 65], and laminates [66]. The
choice of the best adsorbent structure depends on the balance of various parameters such as volumetric
working capacity, mass transfer, thermal behaviour, and pressure drop. The adsorbent structure selected
will also determine the packing porosity in the bed. Studies such as those by Rezaei and Webley provide
further information on the pros and cons of different structured adsorbents [67] and methodologies to
compare their performance [68], while a recent review by Wu et al. provides a summary of the various
shaping techniques used for adsorbents employed in gas separation applications [69].
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2.2.1.4 Mechanical stability

Adsorbents with higher mechanical stability can have a longer lifetime, as they are more
resistant to vibrational or frictional forces within the bed. The mechanical stability of the adsorbent can
be assessed through a variety of mechanical properties, such as the tensile strength, compression
strength, or Youngs modulus, but can only be done for shaped adsorbents. Although these mechanical
properties are not needed for process modelling, they help evaluate the robustness of the material.
Assessments of mechanical stability remain rare in the DAC literature as most adsorbents being
investigated are in powder form. Amongst the studies which evaluate shaped adsorbents for DAC, only
a handful report on their mechanical properties. The materials studied were MOF monoliths [52, 70],
zeolite monoliths [71], silica pellets [64], alumina pellets [53], silica-based fibres [72], and polymer

fibres [73].

2.2.1.5 Surface area

The surface area of an adsorbent is traditionally obtained by collecting N, isotherms at -196 °C
and extracting the information using the Brunauer-Emmett-Teller (BET) method [74]. While this is the
most common approach seen in the reviewed DAC literature, this adsorbate does not always provide
accurate measurements due to the quadrupole moment of N> and possible diffusional limitations in
microporous materials at -196 °C [75]. Some publications have also reported the Langmuir surface area
(as noted in Tables Al.1to A1.6), but these were not included in Figure 2.3d, where only the BET
surface areas (Sger) are reported. Surface area is a parameter which largely influences the adsorption
capacity of a material. Although not a direct input parameter for process modelling, it remains one of
the most reported parameters in materials papers. The larger the surface area, the higher the total gas
uptake. This inevitably leads to a reduction in CO; selectivity as the uptake of N2, O, H>O, and all other
gases present in the atmosphere increases. Supports with larger surface areas can accommodate higher
functionalisation loadings via grafting, which can increase the adsorbent’s CO; capacity. As seen from
Figure 2.3d, surface areas span a large range depending on the material and functionalisation typically

decreases an adsorbent’s surface area, sometimes by over two orders of magnitude.
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2.2.1.6 Pore volume

The total pore volume (Vo pores) influences many other properties of the adsorbent. The pore
volume of adsorbents is often measured using N, adsorption at - 196 °C, though as stated in the previous
section, this may not always be the most appropriate adsorbate to use. The methods employed to extract
the pore size information, such as Dubinin-Astakhov (DA) [76, 77], Horvath-Kawazoe (HK) [78],
density functional theory (DFT) [79, 80], or Barrett-Joyner-Halenda (BJH) [81], are only reliable in the
micropore (pore diameter < 2 nm) and/or mesopore (pore diameter 2 — 50 nm) range. For macroporous
materials (pore diameter > 50 nm) such as polymeric resins, the use of N, - 196 °C adsorption alone
would lead to an underestimation of the total pore volume. In these cases, other methods capable of
accurate measurements in the macropore region, such as mercury intrusion porosimetry, should be used
in conjunction with N» - 196 °C adsorption to obtain a complete pore size distribution [48].

The total pore volume of the adsorbent is needed in process modelling to calculate the total
adsorbent porosity. A higher pore volume implies a higher porosity, which in turn leads to lower bed
and particle density, and potentially lower thermal conductivity [82, 83] and higher heat capacity [82,
84], the impacts of which are discussed in their respective sections. The higher the total pore volume,
the greater the potential for functionalisation loading. For chemisorbents, this will increase the CO»
saturation capacity of the adsorbent. However, as seen in Figure 2.3e, functionalisation can severely
reduce the pore volume of an adsorbent. Comparing the data entries in Figure 2.3e vs Figure 2.3f, it is
evident that functionalisation often eliminates the presence of micropore volume (Vmicropores) due to pore
filling. This could severely limit gas diffusion within the adsorbent and result in poor kinetics for the

adsorption process.

2.2.1.7 Specific heat capacity

The specific heat capacity (c,) is the amount of heat needed to produce a unit change of
temperature in a unit mass of the adsorbent. This can vary with temperature and gas uptake, and can be
measured using differential scanning calorimetry [85, 86]. For a temperature swing adsorption process,
an adsorbent with a lower c, will require less energy to be heated to a high temperature for desorption,
leading to lower operational costs. Similarly, for the same energy input, an adsorbent with a lower c,
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can be heated to a higher desorption temperature, thus increasing the working capacity. However,
adsorbents with low c, may also undergo a larger temperature swing during adsorption due to the
exothermic nature of adsorption, which would reduce the amount adsorbed and thus the overall working
capacity. Materials with higher porosity tend to have higher heat capacity [82, 84].

Although this parameter is needed for process modelling, it is rarely reported in DAC adsorbent
papers and the same ¢, value is often assumed for a range of different materials for process modelling.
Few studies experimentally measure the c, themselves [55, 66, 87-90], with most ¢, values either found
from DAC process papers or other non-DAC articles. Recently, Moosavi et al. developed a machine
learning approach to predict the specific heat capacity of zeolites, MOFs, and covalent-organic
frameworks (COFs) based on DFT simulations [91].

Figure 2.3g shows that functionalisation tends to increase the c, of an adsorbent. Narayanan et
al. experimentally determined the c, values of alumina powder and poly(ethylenimine) (PEI) scaffolds
tobe ~0.8J g'°Cland ~ 1.7 J g'! °C! respectively at 40 °C, with samples synthesised from different
ratios of alumina and PEI having c, values within this range [55]. To provide perspective on the reported
values, the heat capacity of commercial zeolite 13X powder is ~ 0.8 J g °C™! [92], while that of a 20
wt% MEA-based aqueous solvent is ~ 3.9 J g! °C! [93].

I note that all values reported in Figure 2.3g and Tables A1.1 to A1.6 are for pristine adsorbents,
i.e. not loaded with CO, and/or other species. The temperature ranges of the reported heat capacities

are also indicated in the tables when available.

2.2.1.8 Thermal conductivity

Thermal conductivity (k) is a measure of an adsorbent’s ability to conduct heat. It can vary with
temperature and is often determined theoretically rather than measured experimentally [82]. A higher
thermal conductivity is desirable for adsorption if the system is being operated isothermally, where heat
needs to dissipate through the adsorbent and out of the bed. However, for adiabatic operation, lower
thermal conductivity would be preferable to minimise the increase in the adsorbent temperature during
adsorption, which would decrease the working capacity. For desorption, a higher thermal conductivity
is desirable as heat can diffuse faster through the adsorbent when the bed is heated, thus increasing
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productivity. The design of the contactor and/or desorption process can compensate to some extent the
low thermal conductivity of an adsorbent [17]. Adsorbents with lower porosity tend to have higher
thermal conductivity [83].

This parameter has been identified as a key adsorbent property which affects process
performance [43], but there is still extremely limited data available for investigated DAC adsorbents.
Similar to the specific heat capacity, the same value is often assumed for a range of different materials.
The data entries in Figure 2.3h were found in DAC process papers or other non-DAC articles, with
temperature ranges of the reported thermal conductivities indicated in Tables Al.1 to A1.6 when
available. As seen in Figure 2.3h, unmodified metal oxides such as alumina and semimetals such as
activated carbon (in monolith form), respectively, conduct heat well and have high thermal
conductivities (35 W m™ °C'[94] and 18 W m™! °C"! [45], respectively), while materials such as silica

and MOFs have relatively poor thermal conductivities (< 0.5 W m™ °C1),

2.2.1.9 Thermal stability

The thermal stability of an adsorbent is the maximum temperature the material can withstand
before it starts to degrade, for example due to decomposition of the chemical structure or leaching of
some functionalisation compounds. While not a direct input in process models, this temperature
determines the maximum temperature which can be used during the desorption process, and is typically
measured using a thermogravimetric analyser (TGA) either in a N, or air environment. To be viable for
most commercialised DAC processes, adsorbents will need to be thermally stable up to at least 80 °C
[95] to withstand the regeneration procedure.

Amongst unfunctionalised materials, metal oxides, silicas, zeolites, and carbons have high
thermal stability above 500 °C, while polymers and MOFs exhibit moderate thermal stability between
100 °C and 500 °C. Once adsorbents are functionalised however, the thermal stability depends on the
functionalisation compound, and thus functionalisation typically lowers the thermal stability of an
adsorbent owing to the organic nature of the compounds that are commonly used for functionalisation.
Functionalisation carried out via impregnation leads to less stable materials than grafting due to a lack
of chemical bonds. As well, functionalised amines of lower molecular weights tend to be more prone
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to evaporation or leaching. This may be mitigated by using additives to increase the amine’s molecular
weight and impart stronger interactions with the support, though often at the sacrifice of some CO,
adsorption capacity [96, 97].

As seen from Figure 2.31, most functionalised materials being considered for DAC exhibit
thermal stabilities above 100 °C. One exception is a study done by Pang et al. [98], who investigated
SBA-15 adsorbents impregnated with small molecule linear or dendritic PEI or poly(propylenimine)
(PPI) which had maximum regeneration temperatures of 70 °C. Cuesta and Song [99] also developed
carbon black adsorbents immobilized with bovine carbonic anhydrase enzymes for regeneration at 35
°C. These adsorbents need to be refrigerated or frozen for short or long-term storage, respectively, and
exposure to temperatures higher than 35 °C could start to induce enzyme denaturation. Overall, thermal
stability data is available for most of the investigated DAC adsorbents reviewed here, either from the

original study or from other sources.

2.2.2 Equilibrium sorption properties

An adsorbent for DAC needs to have a high affinity for CO». This can be challenging as other
species such as Nz, Oz, and H,O are in much higher concentrations in air. The equilibrium sorption
properties for these species should therefore be investigated and are reviewed in the following sub-
sections following the same adsorbent classification adopted in the previous section. This analysis
focuses almost exclusively on single-component uptake measurements, as multi-component adsorption
isotherms are experimentally challenging and time-consuming to measure and thus are rare in the DAC
literature. The co-adsorption of multiple gas species can be predicted from the single-component
isotherms using approaches such as ideal adsorbed solution theory (IAST) [100] or empirically

extended binary isotherm equations [101].
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2.2.2.1 CO:; adsorption
CO: uptake at 400 ppm

The CO;, working capacity, i.e. the difference between the CO, uptakes at adsorption and
desorption conditions, is an important feature of a DAC adsorbent which can vary depending on the
desorption process chosen. However, most studies in the DAC adsorbent literature only report the CO,
adsorption uptake at 400 ppm. The CO- uptake can be measured using volumetric (e.g. commercial
manometric adsorption analyser), gravimetric (e.g. TGA), or dynamic set-ups (e.g. packed bed column).
The CO, uptake values measured up to 500 ppm CO: concentrations and between 20 and 30 °C for
adsorbents developed between 2016 to 2021 are presented in Figure 2.4a, with the values and
measurement methods tabulated in Tables A1.7 to A1.12. It is worth noting that there has also been
increasing interest in the last two years in investigating the CO uptake at sub-ambient temperatures
such as 0 °C and -20 °C [31, 58, 102, 103]. Tables A1.7 to A1.12 also cover publications which report
the CO, uptake at concentrations up to 4%y, i.e. the threshold for natural gas-fired post-combustion
capture applications. While data at these higher concentrations may provide useful insights into the
material performance, effort should be made to conduct experiments at the relevant conditions for DAC

as the trends observed may not hold true at 400 ppm CO: concentration.
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Figure 2.4. Comparison of a) CO, uptake values (at concentrations lower than 500 ppm and
temperatures between 20 to 30 °C, except for unfunctionalised SBA-15 whose uptake of 0.01 mmol g°
!'was measured at 10,000 ppm [104]) and b) heat of adsorption values for different adsorbent categories,
both with and without additional functionalisation. Box edges represent the 25" and 75" percentile,
whisker edges represent the minimum and maximum data points, the solid line through the box
represents the median, and the filled square symbol represents the mean. Total number of data entries

are labelled to the left of each box. All data entries can be found in Tables A1.7 to A1.12.

As seen in Figure 2.4a, the CO» uptake by different adsorbents ranges from as low as 0.01 mmol
g'to over 3.0 mmol g'. In general, functionalisation of the adsorbent increases its CO, uptake compared
to its non-functionalised form, and the higher the functionalisation loading, the higher the CO; uptake.
However, past a certain threshold, pore blockage can occur causing increased diffusion resistance and
therefore decreased CO; uptake. An example is TEPA-functionalised ZSM-5 and SAPO-34, for which
amine functionalisation resulted in blockage of the zeolites’ micropores and prevented access to both
amine and zeolite binding sites for CO, [105].

When comparing different adsorbents however, it is difficult to distinguish a clear trend in CO,
uptakes between physisorbents and chemisorbents. For example, some unfunctionalised MOFs have
comparable CO, uptake to functionalised MOFs. Most of the former are classed as ultramicroporous

MOFs, which have pore sizes smaller than 0.7 nm [ 106]. The small pore size and presence of fluorinated
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ions in MOFs such as TIFSIX-3-Ni [107], SIFSIX-3-Cu [108], and NbOFFIVE-1-Ni [109] yield
relatively high CO, adsorption uptake (~ 1.0 to 1.5 mmol g™') with the added advantage of lower heats
of adsorption compared to the functionalised MOFs. In the class of zeolites, a Ca** ion-exchanged A-
type zeolite physisorbent developed by Oda et al. [110] demonstrated a high CO, uptake of 1.8 mmol
g at 400 ppm, attributed to each CO, molecule bridging between two Ca’" ions. A recent study by Tao
et al. reported a CO, uptake of 1.1 mmol g! on another Ca®>" ion-exchanged A-type zeolite [111]. They
systematically determined that Ca®* has the optimal charge-to-size ratio amongst various cations, as it
has sufficiently high interaction energy with CO, without excessive H»O adsorption. The addition of
Zn*" ions in chabazite-type zeolites was also shown to improve the CO» uptake from 0.03 mmol g in
the parent sample to 0.67 mmol g in the new ion-exchanged zeolite [112]. A mordenite-type zeolite
with a CO, uptake of 1.2 mmol g! was also recently studied [113]. These uptakes are higher than those
reported for some amine-functionalised zeolites (~ 0.3 to 0.6 mmol g') [114], with some uptakes
measured at much higher CO, concentrations of 5000 ppm [105].

Conversely, some functionalised adsorbents have very low CO, uptakes (< 0.1 mmol g) as
seen in Figure 2.4a. This is often due to insufficient loadings or unsuitable functionalisation. For
example, tertiary amines have been shown to have poor CO» uptakes in dry conditions, and their uptakes
in the presence of humidity may still be lower when compared to primary or secondary amines in dry
conditions [115]. Many of the highest adsorbing materials though are amine-functionalised materials,
such as tetraethylenepentamine (TEPA)-impregnated hierarchial silica (5.2 mmol g') [64], TEPA-
impregnated SBA-15 (3.4 mmol g') [116], N,N'-dimethylethylenediamine (mmen)-grafted
Mgx(dopbdc) (3.1 mmol g') [117], and hydrazine-grafted Mg-MOF-74 (3.9 mmol g!) [89]. One
exception is the unfunctionalised biochar adsorbent synthesised from sawdust by Kua et al. [118] which
is reported to have a gravimetric CO, uptake of 3.2 mmol g at 500 ppm. However, no CO, isotherm

data was provided nor any material characterisation data.

CO: isotherms
A key process model input is the numerical expression of the CO, adsorption isotherm, which
is obtained by fitting experimental adsorption data collected at constant temperature, typically between
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0 to 1 bar. As with the CO, uptake, adsorption isotherms can be measured using volumetric, gravimetric,
or dynamic techniques. One of the main sources of uncertainty in a process model stems from the
parameters of the adsorption isotherm model, but this variability can be reduced by collecting data at
several temperatures and over a wide range of temperatures [119].

In Figure 2.5, we consider as criterion that at least three temperatures be measured for CO,
isotherms. This is also the minimum number of isotherm temperatures that need to be measured to
extract the heat of adsorption, which is discussed in the following section. Isotherm data meeting this
requirement remains largely unavailable/unreported for most proposed DAC adsorbents. This data gap
is one which requires significant attention. Figure 2.6 displays CO, isotherms at 25 °C for different
adsorbents which have isotherms measured at three or more temperatures and up to 1 bar. Here,
materials with the highest CO, uptake at 1 bar do not necessarily have the highest uptake at 400 ppm
(e.g. zeolites compared to silicas). Rather, materials with steep isotherms in the low-pressure range (i.e.
the Henry regime) tend to have high CO» uptake at the relevant concentrations for DAC. Some studies
also do not collect sufficient isotherm points in the low-pressure range. While gathering this data may
be time consuming, it is essential to ensure the isotherm model fitting is accurate in this range in order
to accurately capture the CO; affinity [43]. Additionally, even if some publications do collect isotherms
at multiple temperatures, they do not always do so up to 1 bar. Although adsorption for DAC occurs at
400 ppm, the adsorption information up to 1 bar becomes relevant for the desorption process, where a

COs-enriched stream is produced.
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Figure 2.5. Overview of CO,, N, O,, and H,O isotherm availability for different classes of adsorbents
reported between 2016 and 2021. For CO, and N isotherms, the criterion is met if there are isotherms
available at three temperatures and at pressures up to 1 bar. Isotherms that were collected at cryogenic
temperatures for CO, and N, were still included in this count, however these are not suitable for DAC
applications and are more useful for porosity characterisation rather than isotherm fittings for process
modelling. Indication was made in Tables A1.7 to A1.12 if this was the case. For O, and H,O isotherms,
our criterion is met provided there is an isotherm available, at any temperature and pressure range below
1 bar. An adsorbent was considered to be studied for DAC if a CO; uptake between 0.04%yo1 to 4%vol
was measured. An adsorbent was not double counted if it was studied by multiple publications, and
adsorbents with different loadings of the same functionalisation were counted as just one material.
Adsorbents of different structural forms (e.g. powder vs. monolith) were counted as two separate
materials. All data entries and their corresponding sources are available in Tables Al1.7 to A1.12.
Isotherms were not always found in DAC related publications. Some adsorbents included in the tables
(e.g. silica gel, y-alumina, activated carbon) were not considered to be studied for DAC and so were not

included in these counts even if isotherm data was available.
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Figure 2.6. CO; adsorption isotherms at 25 °C and up to a pressure of 1 bar for materials which have
had CO; isotherms measured at a minimum of three temperatures (as indicated in Tables A1.7 to A1.12).
Unfunctionalised adsorbents are represented by filled markers and solid lines, and functionalised
adsorbents are represented by hollow markers and dashed lines. Data points have either been digitised,

plotted using a fitted isotherm model, or plotted from tabulated data.

Heat of adsorption

The CO; heat of adsorption gives an indication of the strength of adsorption between the
material and CO,, and is a necessary input in process models. The higher the value, the more likely the
adsorbent will be able to selectively adsorb CO; even at dilute concentrations. Yet, a high heat of
adsorption also implies higher energy to regenerate the adsorbent and thus higher operating costs. The
heat of adsorption is traditionally obtained by measuring three or more isotherms spaced 10 °C apart,
and by either applying the van ’t Hoff equation or virial analysis [120, 121]. For the former, the heat of
adsorption at a specific CO; loading can be determined from the slope of a plot of In(P) vs 1/T at a given
amount adsorbed, where P is the pressure and 7 is the temperature. For the latter, the adsorption
isotherm data is fitted directly with a virial expansion, generating virial coefficients from which the heat
of adsorption can be determined. The isosteric heat of adsorption is the heat of adsorption expressed as
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a function of the CO; loading. At zero loading, one refers to it as the limiting heat of adsorption (4H).
Tables A1.7 to A1.12 list the limiting heats of adsorption of candidate DAC adsorbents, along with the
heats of adsorption at loadings corresponding to the adsorbent’s CO, uptake at DAC concentrations if
the values greatly differ. All data entries are included in Figure 2.4b to show the entire possible range
of heat of adsorption values. The general guideline is that materials with heat of adsorption values less
than 50 kJ mol! are classed as physisorbents and those with higher values are classed as chemisorbents
[122]. As mentioned earlier, unfunctionalised adsorbents are typically physisorbents, and functionalised
adsorbents are typically chemisorbents. As seen in Figure 2.4b, this classification holds true for most
adsorbents. Most amine-functionalised adsorbents exhibit heats of adsorption greater than 70 kJ mol™,
while most unfunctionalised adsorbents exhibit heats of adsorption lower than 50 kJ mol'.

There remain exceptions to the classification mentioned above. In some cases, unfunctionalised
materials are chemisorbents and display high heats of adsorption. Examples include the bare y-alumina
supports, on which CO, binds and forms bicarbonate and carbonate species on the basic alumina surface
[123], and the benzotriazolate MOFs with metal hydroxyl sites which allow for CO, chemisorption
[124-126]. Some physisorbents, such as the ultramicroporous MOF families of TIFSIX [107], SIFSIX
[108, 127, 128], and NbOFFIVE [109], also exhibit heat of adsorption values bordering either side of
50 kJ mol™'. The alkaline-earth-metal ion-exchanged MFI-type zeolites display even higher heats of
adsorption values between 80 to 100 kJ mol™! due to the strong electrostatic interactions between acidic
CO; and the M**-O-M?*" sites of the adsorbent, where M?" is the alkaline-earth-metal ion [129].

General trends are also observed with the heat of adsorption versus CO- loading. In most cases,
the heat of adsorption is highest at zero loading, and decreases as the loading increases. This pattern
implies the presence of heterogenous CO; binding sites, where the stronger sites are filled first.
However, some adsorbents maintain a constant heat of adsorption over a wide loading range. This is
the case with some members of the SIFSIX family, which according to the authors, suggests the
presence of homogenous energetic sites throughout the adsorbent [127]. For other materials, the heat of
adsorption increases with loading. An example of this is the diamine-appended Mg>(dobpdc) MOF
developed by McDonald et al., where the increase in heat of adsorption is attributed to cooperative CO;
adsorption [130, 131].
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Despite the importance of the heat of adsorption, there is still a big data gap in this area, as can
be seen when comparing Figures 2.4a and 2.4b and in Tables A1.7 to Al.12. Except for MOFs and
zeolites, most adsorbents in all material classes do not have reported heats of adsorption, which
corresponds with the data gaps in the CO, isotherms. More recently however, a few more studies on

amine-functionalised silica adsorbents have reported the CO, heat of adsorption [64, 66, 132-134].

2.2.2.2 N, adsorption

N isotherm information should be included in process models for DAC as N> accounts for over
78%vo1 of the feed gas composition (i.e. atmospheric air). For physisorbents, N> is a competitive
adsorbate against CO» and its uptake will reduce the CO, capacity of the adsorbent. For chemisorbents,
this is often less of an issue, however some N, adsorption can still occur on unfunctionalised surfaces.
Even if only a slight amount is adsorbed during the process, performance indicators such as CO»
working capacity and purity may be impacted. Therefore, like for CO», one should collect N, sorption
isotherms at a minimum of three temperatures to parameterise a suitable adsorption isotherm model and
to calculate the N, heat of adsorption. Isotherms up to 1 bar should be collected to cover the possible
concentration range of N> throughout the process. As seen in Figure 2.5, it is quite rare to find N
isotherms at three temperatures up to 1 bar for DAC adsorbents, even when considering non-DAC
related papers. Most commonly, only one isotherm is measured and the impact of N> on the process is

assumed to be negligible.

2.2.2.3 Ozadsorption
O; isotherms

O, accounts for over 20%.y,1 of the gas composition in the atmosphere, and like N, can be a
competitive adsorbate particularly for physisorbents. Hence, one should study its adsorption behaviour.
If the adsorption is non-negligible, one should collect isotherms at three temperatures up to 1 bar to
allow for isotherm fitting and heat of adsorption calculation. In addition, O» can react with and damage
certain adsorbents as discussed in the following section. Assessing the extent of O, adsorption is
therefore useful to understand how much O, can potentially interact with the material. As shown in
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Figure 2.5, there is an obvious lack of data in the O» isotherms available for candidate DAC adsorbents,

even when considering non-DAC related publications.

Oxidative stability

Oxidative stability is a necessary feature of adsorbents for DAC as O; is present throughout the
entire process. Amongst the discussed adsorbent categories, amine-functionalised adsorbents are the
most susceptible to oxidative degradation, particularly at the high temperatures experienced during
desorption (i.e. > 75 °C). Exposure after just one day has been observed to result in the loss of CO-
adsorption sites [135]. This can also occur at lower temperatures experienced during adsorption over
longer periods of time, and under ambient storage conditions [136, 137]. Products of amine oxidative
degradation include imines, amides, ammonia, aminoacetaldehyde, and hydroxylamines. Works by
Carneiro et al. [137], Guta et al. [138], Li et al. [139], and Yan and Sayari [140] offer detailed studies
into the various mechanisms of amine oxidative degradation.

Primary and tertiary amines have been observed to be more resistant to oxidation compared to
secondary amines, as the latter can readily form imines or amides [141]. For aminopolymers, the
presence of additional carbons between amine groups (e.g. propylene vs. ethylene linkers) imparts
higher oxidation stability, and higher molecular weights are hypothesised to better prevent O;
penetration within the polymer bulk to initiate degradation [98, 142, 143]. The latter would however
also hinder CO, diffusion within the adsorbent. Epoxide modification of amines has also been
investigated for improved oxidative stability, where the newly formed hydroxyethyl groups interact
with amine sites via hydrogen bonding and impart steric hindrance, thus shielding them from oxidation
reactions [61, 144, 145]. This improved stability often comes at the sacrifice of CO; adsorption capacity
however, as the number of amine sites available for CO> reaction is reduced. Miao et al. also reported
the reduced impact of oxidative degradation when operating DAC at sub-ambient temperatures [ 146].

While the studies discussed above have focused specifically on developing DAC adsorbents
with improved oxidative stability, others are limited to either measuring one O, adsorption isotherm
and claiming minimal adsorption, or running their experiments using an ambient air stream. In these
cases, further investigation is still needed to look at the impact of O at higher temperatures as well as
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long-term exposure, as this will be important for the desorption process and shelf-life, respectively. The
impacts of O, on adsorbents are summarised in Tables A1.7 to A1.12 where data is available, although
there is clearly a data gap on this topic in the current literature. If the impact of O, on the CO, uptake
was provided, [ identify if more than (“> 50% CO,”) or less than 50% (“< 50% CO,”) of the CO, uptake
was maintained, and if these studies were conducted at CO, concentrations higher than 4%..1. For papers
which looked at the structural integrity of the adsorbent, “N” indicates that either the adsorbent support
or functionalisation material degrades in the presence of oxygen, while “Y” indicates that the adsorbent
appears to be structurally stable or regenerable. I also indicate if papers reported a low O uptake from
their measured isotherms. Where possible, I include the % RH and temperature conditions used for

these oxidation studies.

2.2.2.4 H>O adsorption
HO isotherms

Water is always present in the atmosphere to some degree (see Figure 2.2) and can compete
with CO,, occupying the same binding sites, and reducing the CO; adsorption capacity. In some cases,
H,O increases the CO; capacity of the adsorbent. Regardless of the situation — competitive or synergistic
adsorption — a material adsorbing a high amount of H>O will require higher energy consumption for full
desorption/regeneration. Young et al. previously identified H>O adsorption as one of the critical
adsorbent parameters affecting DAC process performance [43]. Therefore, it is recommended for at
least one H>O adsorption isotherm to be measured in DAC adsorbent studies. As with O, if the H,O
uptake is non-negligible, isotherms at three temperatures should be measured to obtain the necessary
information for process modelling. As seen in Figure 2.5, collecting at least one H>O isotherm is more
frequent than for N or O,. Yet, there is still a significant lack of data in this area for candidate DAC
adsorbents, even when searching in non-DAC related publications. If a steam-assisted desorption
process is of interest, measuring H>O isotherms at higher temperatures is critical. Steam adsorption
equilibrium data at 110 °C was recently reported for the first time for a candidate DAC adsorbent

(Lewatit VP OC 1065) by Wilkins et al. [147].
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Due to the complex interactions that can occur between CO» and H,O as well as the adsorbent,
measuring CO,-H,O co-adsorption equilibrium isotherms is also critical. Such measurement represents
more accurately the impact of H>O on DAC processes compared to predictions from single-component
adsorption data. However, binary adsorption isotherms are experimentally challenging to measure and
remain largely unavailable in the DAC literature, save for a few studies such as those by Gebald et al.
[148], Elfving and Sainio [149], and Young et al. [150]. CO,-H>O co-adsorption isotherm data is also
available for zeolite 13X, though these were measured in the context of post-combustion capture [151].
Reviews by Rajendran et al. [152] and Shade et al. [153] provide further insight into experimental

techniques for measuring co-adsorption isotherms.

Hydrolytic stability

As mentioned above, water adsorption can either enhance, or compete with, CO» adsorption in
DAC adsorbents. In general, the CO, uptake for amine-functionalised adsorbents increases in the
presence of humidity due to a change in the adsorption mechanism. Under dry conditions, two N atoms
are needed to react with CO, via carbamate formation (equation (2.1)). In the presence of water, only
one N atom is theoretically needed to adsorb CO, via bicarbonate formation (equation (2.2)) [12].
2RNH, + CO, & RNHF RNHCO5 2.1
RNH, + H,0 + CO, & RNH} HCO3 2.2)

Moisture can also help to maintain the long-term stability of amine-functionalised adsorbents
by preventing the formation of urea, which would otherwise eliminate CO, adsorption sites [154, 155].
However, Carneiro et al. also recently showed that the presence of water vapour can accelerate oxidative
degradation in solid amines [137]. Some adsorbents even require the presence of moisture for CO-
adsorption to occur. Tertiary amines cannot react to form carbamates, and only adsorb CO; in the
presence of water via bicarbonate formation (equation (2.3)) [12]. Sodium or potassium carbonate-
functionalised adsorbents also only react with CO, in the presence of moisture to form sodium or
potassium bicarbonate (equation (2.4), M = Na or K) [156, 157].
R{R,R3N + H,0 + CO, & R{R,R;NHTHCO3 (2.3)
M,C0; + H,0 + CO, < 2MHCO; (2.4)
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The latter are typically moisture-swing adsorbents, which adsorb and desorb CO; upon exposure to low
and high humidity, respectively. Here, the presence of excessive H>O molecules at high humidity
conditions destabilises the bicarbonate ions and causes CO- to desorb [158].

For most physisorbents such as unfunctionalised MOFs, zeolites, and carbons, the presence of
humidity typically reduces their CO, uptake due to the competitive adsorption of water on CO;
adsorption sites [159]. The use of hydrophobic coatings/modifications has been investigated in some
studies to combat this effect [160-162], as well as to reduce the energy consumption associated with
water desorption in amine-functionalised adsorbents [60, 163, 164].

Some adsorbents are also simply not structurally stable in the presence of water vapour, such
as SIFSIX-3-Cu [165], TIFSIX-3-Co [166], and Mg-MOF-74 [106]. Depending on the extent of the
impact of moisture on these adsorbents, the removal of water may need to be incorporated into the
process, though this could increase capital and operating costs. Works by Fu and Davis [167], Holmes
et al. [168], Song et al. [52], and Wilson and Tezel [30] investigate the impacts of this strategy,
particularly with the use of zeolite adsorbents, on costs and/or energy consumption for DAC in detail.
Further in-depth explanations of the effect of water on CO, adsorption for both physisorbents and
chemisorbents can be found in the review by Kolle et al. [159].

The impact of humidity on DAC adsorbents are summarised in Tables A1.7 to A1.12 where
data is available. “N” indicates the worst-case scenario where the structure of the adsorbent itself has
deteriorated due to the collapse of the crystal and/or pore structure and is unregenerable. “Y” indicates
that the adsorbent structure, including its functionalisation, is unaffected or is regenerable after humidity

[I3RE

exposure. Where possible, these are then further classified into “+” or categories, which indicate
whether the CO; uptake increases or decreases in the presence of humidity, respectively, along with the
% RH and temperatures used for these studies. Indication is also made if the material was determined
to be stable under steam regeneration (“ss”). This method of categorisation follows that proposed by
Kong et al. in their recent perspective article on DAC [28]. For the purposes of simplicity, I did not
consider the effect of humidity on the CO, adsorption kinetics in this categorisation. I also note that the
effect of humidity on the adsorbents reviewed in these tables were not always investigated at low CO-

concentrations relevant to DAC. While an adsorbent may maintain high CO; capacity in the presence
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of moisture at high concentrations, the effect of humidity may be more severe when the CO,
concentration is reduced to 400 ppm. Therefore, one should conduct experiments at the relevant

conditions whenever possible.

2.2.2.5 Cyclic adsorption

As discussed previously, one of the key properties for a DAC adsorbent is its CO» working
capacity. For practical use at scale, DAC adsorbents should exhibit sufficient structural and chemical
longevity with minimal loss in working capacity upon repeated cyclic exposure to adsorption and
desorption conditions. The longer an adsorbent’s working capacity is maintained, the less frequently it
will need to be replaced, leading to lower operation costs and smaller carbon footprints. Recently,
Holmes et al. highlighted that a replacement rate was an oversimplification of an adsorbent’s stability,
and rather an analysis of its capacity loss over time would provide a more accurate assessment of the
economics associated with a DAC process [169]. Therefore, long term cyclic studies need to be
conducted to properly evaluate the potential of a DAC adsorbent at scale.

The presence (“Y”) or absence (“N”) of cyclic studies in DAC adsorbent studies from 2016 to
2021 are summarised in Tables A1.7 to A1.12. Overall, over 85% of the studies report some form of
cyclic testing, although the majority measure 10 cycles or less and not all studies are carried out at DAC
conditions. These experiments were usually conducted using either packed bed columns or TGA, and
commonly employ a simple temperature swing adsorption (TSA) process, where CO, adsorption occurs
at ambient temperature, followed by desorption at elevated temperatures (~70 to 120 °C) using either
an inert gas or air stream.

However, some studies have investigated the CO; working capacity of adsorbents over 50 or
more cycles under DAC conditions [143, 170-174]. In particular, Guo et al. [160], Ge et al. [175], and
Ahsan et al. [176] studied a polymer-coated MOF, an amine-grafted metal oxide, and an amine-grafted
silica over 2000, 200, and 100 adsorption-desorption cycles, respectively. Parvazinia et al. [177] also
studied the stability of Lewatit VP OC 1065 over 200 cycles, however this was done with 10%0 CO».
These adsorbents demonstrated only minor losses (< 10%) in their working capacity over the course of
their respective cycles. Hunt et al. also investigated the cyclic stability of Lewatit VP OC 1065, but
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observed a 31% decrease in working capacity after 180 cycles [178]. Here, ambient air was used for
adsorption and 80 °C and 100 mbar of vacuum was used for desorption. In comparison, Parvazinia et
al. had utilised 10%y, CO; balanced with N, for adsorption, and 105 °C and N, for desorption.
Therefore, the choice of adsorption and desorption conditions greatly affects the cyclic stability of the

adsorbent studied.

2.2.3 Kinetic sorption properties

CO; mass transfer/adsorption kinetics has been identified as another critical factor impacting
the key performance indicators of a DAC process [43, 44]. Rapid kinetics enable shorter cycle times,
which in turn results in higher productivity and reduced capital costs. Slower kinetics hamper CO,
recovery as a greater portion of feed gas will break through the adsorption bed, resulting in a loss of
CO; back into the atmosphere. Higher energy consumption and operating costs then result to process a
larger volume of feed gas to capture a given amount of CO,. Therefore, quantification of the gas
diffusion and adsorption kinetics is critical to the deployment of adsorption-based DAC technologies.

Studies reporting DAC adsorbents often only focus on the CO, adsorption kinetics, as the
diffusion of feed gas through the contactor is a process-scale consideration. The former can be measured
experimentally using a variety of techniques such as direct uptake rate measurements (for example with
a TGA) and dynamic column breakthrough. Over 90% of the papers reviewed in Tables A1.7 to A1.12
include some form of kinetic experiment using either of the aforementioned techniques. However, most
of these studies report parameters such as rates of adsorption, or breakthrough, retention, or saturation
times, which are not usable inputs in process models. Instead, a mathematical model is needed to extract
the information regarding mass transfer coefficients. In the last two years, an increasing number of DAC
studies are employing the latter approach compared to between 2016 to 2021, and are more often
conducting their experiments at CO, concentrations relevant to DAC. The most commonly used models
are the linear driving force model [30, 35, 53, 179, 180], Avrami model, and pseudo-first and -second
order rate models [44, 62, 116, 134, 173, 181-185]. Despite this encouraging trend, most kinetic

experiments are still not systematically conducted. As a result, the parameters reported are dependent
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on many experimental factors such as adsorbent particle size, gas flow rates, column dimensions,
system temperature and pressure, and feed gas concentration. This makes it very difficult to compare
the kinetic results of different publications. There are however a few recent studies which do investigate

the impacts of one or more of these factors on the adsorption kinetics [59, 149, 179, 186-188].

2.3 Synergy between adsorbent and process development for DAC

Since an adsorbent must ultimately be integrated into an adsorption process, adsorbent and
process development should occur harmoniously [189]. Applying a promising adsorbent in a process
model provides understanding of how the adsorbent properties can influence the process performance
indicators. To apply an adsorbent in a process model, key adsorbent properties such as those described
throughout this review need to be available.

Figure 2.7 shows the comparison between an estimation of the total number of adsorbent and
process studies published since 2016, and the distribution of adsorbent types. The number of DAC
publications per year has been rising exponentially since 2016, with more studies published between
2022 to 2024 than between 2016 to 2021. Adsorbent studies are those focused on materials
development, and process studies are defined as those which report process performance metrics. As
shown in Figure 2.7, there have been almost three times the number of adsorbent studies published
compared to process studies. Most adsorbent studies focus on silica and MOF adsorbents, while almost
half of the published process studies utilise polymer adsorbents in their modelling. This discrepancy is
largely due to the lack of data in the adsorbent properties, as the full extent of adsorbent characterisation
that is required for application in a process model is rarely completed. As a result, many promising
adsorbents are not screened/assessed for a given adsorption process, leaving a gap in understanding

their suitability for DAC processes.
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Figure 2.7. Comparison of the number of studies using different adsorbent categories in (a) adsorbent
studies and (b) process studies. Adsorbent studies refer to studies focusing on materials development.
Process studies refer to studies reporting process performance metrics. Several studies investigated
more than one adsorbent category. This is reflected in the number of papers associated with each

adsorbent type, but did not contribute to the final “adsorbent” and “process” total.

Based on the data tabulated in Tables Al.l1 to Al.12, amongst the hundreds of adsorbents
studied for DAC, only two adsorbents, zeolite 13X and Lewatit VP OC 1065 (an amine-functionalised
polymeric resin), appear to have the sufficient data required for DAC process modelling. These include:
CO3, N2, and H»O isotherms measured at three or more temperatures from which isotherm model fitting
parameters and heats of adsorption can be determined, bed density, particle density, skeletal density
and/or total pore volume, heat capacity, thermal conductivity, and mass transfer coefficients at low CO;
composition. For zeolite 13X in particular, much of the data is scattered across numerous sources.

Only a handful of other adsorbents previously investigated for DAC are close to having the full
set of adsorbent characterisations completed. Zeolites such as 5SA, H-ZSM-5, and SAPO-34 have the
necessary physicochemical and equilibrium sorption properties available, but are lacking in adsorption
kinetics parameters calculated at low CO; composition. The same is true for MOFs such as Ni-MOF-

74 and MIL-101(Cr), though these are known not to perform well when exposed to humidity. Another
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adsorbent, aminopropylmethyldiethoxysilane (APDES)-grafted nanofibrillated cellulose (NFC), was
previously utilised by the DAC company Climeworks and has nearly all the listed properties available,
except for measured N, isotherms, and the particle density found was for NFC grafted with a slightly
different amine (N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane). The adsorbent data and
corresponding references for all adsorbents can be found in Tables A1.1 to A1.12.

Based on the findings here and throughout this chapter, there is clearly a need to improve the
synergy between adsorbent and process development for DAC. To do so, all the adsorbent properties
necessary for process modelling should be measured and reported when investigating new materials for
DAC. This will expand the choice of adsorbents which can be screened for and then potentially
implemented in DAC processes, and will thus help to accelerate the deployment of adsorption-based

DAC technologies.
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Chapter 3. Research objectives

My literature review has highlighted the large data gaps in the reporting of adsorbent properties,
resulting in many promising adsorbents not able to be screened for DAC adsorption processes. At this
point, the full extent of adsorbent characterisation in the context of DAC appears to only be complete
for two materials, zeolite 13X and Lewatit VP OC 1065. The overall research goal of my thesis is to
minimise this data gap in adsorption materials for DAC by conducting a thorough assessment of select
adsorbents that purposely represent three distinct classes of materials. This will be done through the
following research objectives:

1. Investigate the physicochemical properties. These include an adsorbent’s chemical features,
textural properties, density, thermal properties, and shaping.

2. Investigate the equilibrium sorption properties. These include an adsorbent’s CO., N», H>O, Ar,
and O, adsorption isotherms, heats of adsorption, and stability under process conditions such
as humidity and adsorption-desorption cycling.

3. Investigate the kinetic sorption properties. These include the CO» adsorption kinetics under the
influence of flowrate and temperature.

The adsorbents investigated in this thesis include: two polymeric resins (i.e. Lewatit VP OC
1065, Purolite A110), an ultramicroporous MOF (i.e. TIFSIX-3-Ni), and in-house developed amine-
functionalised zeolite Y adsorbents. Lewatit VP OC 1065 is analysed as a benchmark adsorbent for
comparison throughout this thesis, while Purolite A110 is assessed here for the first time for DAC.
Interestingly, preliminary investigations showed a higher nitrogen content in Purolite A110 than
Lewatit VP OC 1065, suggesting it may outperform Lewatit VP OC 1065 in terms of its CO, adsorption
capacity. TIFSIX-3-Ni is a previously developed ultramicroporous MOF which has shown promise for
DAC based on its CO, adsorption and reported humidity stability, but many adsorbent properties such
as its density, heat capacity, and adsorption kinetics have yet to be reported. Lastly, amine
functionalisation is conducted on a commercially available “hydrophobic” zeolite Y. It is hypothesised
that this procedure will yield adsorbents with high affinity for CO, while maintaining minimal H,O

adsorption, thus making them suitable for DAC applications.
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Chapter 4: Materials and methods

This chapter discusses the synthesis of the adsorbent materials investigated in this thesis, as well as the

experimental methods used to analyse their physicochemical and equilibrium sorption properties. Parts

of this discussion were previously published by the thesis author in the Journal of Chemical &

Engineering Data [1] and on ChemRxiv [2]. The experimental methods used to study the adsorbents’

kinetic sorption properties are discussed in Chapter 8.

All work described in this chapter was conducted by thesis author except for the following:

The synthesis of one batch of TIFSIX-3-Ni was conducted by Dr. David Danaci at Imperial
College London (ICL) to investigate the reproducibility of the procedure.

Elemental analysis was conducted by Dr. Robert Woodward at the University of Vienna.
Powder X-ray diffraction (XRD) measurements were conducted by loanna Itskou, Dr. Tian
Tian, or Dr. Giulia Schukraft in the Department of Materials at ICL when the XRD instrument
in the Department of Chemical Engineering was out of service.

In-situ XRD measurements were conducted by loanna Itskou at ICL.

CO, 0 °C isotherm measurements on the Quantachrome Autosorb iQ3 porosity analyser were
conducted by Hassan Azzan at ICL.

The 3D-printed cylinder used for bed density measurements was manufactured by the
Department of Chemical Engineering’s Mechanical Workshop team at ICL.

The software package used for all isotherm model fittings was originally developed and then
further adapted for my studies by Hassan Azzan at ICL.

Investigation of the cyclic stability of TIFSIX-3-Ni was carried out by undergraduate students
Amanda Lim Jiayi and Gordon Wu Shun Yong at ICL as part of their 4th year research project.
The aluminium crucible used for cyclic and kinetic studies was drilled by the Department of
Chemical Engineering’s Mechanical Workshop team at ICL, while the stainless-steel basket
was designed and produced by Dr. David Danaci.

Kinetic measurements for TIFSIX-3-Ni (Chapter 8) were conducted by undergraduate student

Callum Sturman at ICL as part of his summer research placement.
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4.1 Chemicals

Details of the chemicals used throughout this thesis are presented in Table 4.1.

Table 4.1. Details of the chemicals used throughout this thesis.

Chapter Product name Source Source location Product Lot

code number

Zeolite 13X Micromeritics ~ Tewkesbury, 004-16843-00  9266-33
UK
Silica-alumina Micromeritics  Tewkesbury, 004-16821-00  A-501-53
UK

Aluminium oxide  Alfa Aesar Heysham, UK 1344-28-1 X30G032
(y-phase, 99.97
)
Lewatit VP Sigma-Aldrich  Gillingham, UK 94136-100G-F  BCCC7234
OC 1065
Purolite A110 Purolite Llantrisant, UK SR60210479 T014Z7/21/6
Nickel (II) Alfa Aesar Heysham, UK 22897 M02G009
carbonate
(anhydrous, 98%)
Dihydrogen Alfa Aesar Heysham, UK 39736 X30F034
hexafluorotitanate
Pyrazine Fluorochem Hadfield, UK 00275 FCB111997
Sodium chloride =~ VWR Lutterworth, UK 27788 -
Potassium nitrate ~ Sigma-Aldrich  Gillingham, UK  221295-100G =~ MKCNS5388
Zeolite H-Y Zeolyst Conshohocken, CBV 901 2493.84
(Si:Al = 40) USA
Toluene VWR Lutterworth, UK 28676.297 21D124026
(ACS grade, >
99.5 %)
Toluene (99 %) Alfa Aesar Heysham, UK L.10967.0F 10233794
3-aminopropyl- Fluorochem Hadfield, UK S00825 FCB037369
trimethoxysilane
3-(2-aminoethyl)-  Fluorochem Hadfield, UK IS10200 9042298183
3-aminopropyl-
trimethoysilane
N-pentane Fluorochem Hadfield, UK 995196 FCB113169

The purity of the gases used throughout this thesis were as follows. For elemental analysis: He

(Messer (Frankfurt, Germany), N5.0 grade). For in-situ XRD measurements: CO, (BOC (Guildford,
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UK), N4.5 grade), N> (BOC, N4.8 grade). For pycnometry measurements: He (BOC, N5.0 grade). For
thermogravimetric degradation measurements: N, (BOC, N4.8 grade), compressed air (BOC, industrial
grade). For differential scanning calorimetry (DSC) measurements: N, (BOC, N5.2 grade). For
synthesis in the tubular furnace: Ar (BOC, N4.8 grade), NH; (BOC, micrographic grade). For
equilibrium gas sorption measurements: CO, (BOC, N5.0 grade), N, (BOC, N6.0 grade), Ar (BOC,
N5.0 grade), O, (BOC, N5.0 grade). For kinetic sorption measurements: He (BOC, N5.0 grade), 800

ppm CO; in He (BOC, research grade).

4.2. Adsorbent materials

4.2.1 Commercial resins (Chapter 5)

Lewatit VP OC 1065 (referred to from here as Lewatit) and Purolite A110 (referred to from

here as Purolite) were used as supplied.

4.2.2 TIFSIX-3-Ni (Chapter 6)
4.2.2.1 Synthesis of NiTiFs-6H>O

Nickel hexafluorotitanate hexahydrate crystals were synthesised following the procedure
published by Wu at one fourth scale [190]. Specifically, 3.823 g of anhydrous nickel (II) carbonate was
dispersed in a plastic beaker containing 10.678 g of deionised water while stirring. Then, 6.125 mL of
dihydrogen hexafluorotitanate was added dropwise while the solution was stirring continuously. The
solution was then filtered through a polyethersulfone (PES) 0.45 um syringe filter into a PTFE
evaporating dish and left in the fume cupboard at room temperature to crystallise. Green hexagonal
crystal pillars formed over five days which were then ground with a pestle and mortar and left to dry in

the fume cupboard at room temperature for a further two days.

4.2.2.2 Synthesis of TIFSIX-3-Ni
TIFSIX-3-Ni powder was synthesised following the procedure published by Kumar et al. [107].

First, 2.50 g of pyrazine was dissolved in 1.00 mL of deionized water in a 30 mL glass vial (solution
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was stirred at 1000 rpm for 30 min and then sonicated to fully dissolve pyrazine). Then, 500 mg of
ground NiTiFs crystals were added to the solution, which was left to stir at room temperature for 48 h
with a closed lid. This yielded a blue powder precursor, which was air dried for 2 h and then heated in
an oven at 160 °C for 24 h, to yield approximately 500 mg of the final TIFSIX-3-Ni powder. The same
synthesis was also successfully done at four times scale to yield approximately 2 g of final product per

synthesis.

4.2.2.3 Pelletisation of TIFSIX-3-Ni powder

Powdered TIFSIX-3-Ni (400 mg) was ground using a marble mortar and pestle and placed into
a pellet die (13 mm evacuable stainless steel, Specac). This was positioned into a manual hydraulic
press (Atlas™ Manual 15T, Specac) fitted with a low tonnage gauge conversion kit (0—1 t, Specac). A
load of 0.5 t was applied and maintained for 45 s to form a pellet of 13 mm diameter and approximately
5 mm in height. The pellet was then ejected with a small load applied to an extractor ring placed onto
the base of the pellet die. Using a scalpel, the 13 mm pellet was then cut into 9 pieces following a grid
pattern, yielding new pellets of ~ 4 mm in width and 5 mm in height. These smaller pellets were then
directly used for mercury intrusion porosimetry measurements and N> sorption at -196 °C. For
adsorption-desorption cycling and kinetic experiments, one of these 4 mm by 5 mm pellet pieces was

roughly cut using a scalpel into granules of ~ 1 to 2 mm in diameter.

4.2.3 Amine-functionalised zeolite Y (Chapter 7)
4.2.3.1 Aminosilane functionalisation of zeolite Y

Functionalisation of zeolite Y (ZY) with aminosilane, either 3-aminopropyltrimethoxysilane
(APTMS) or 3-(2-aminoethyl)-3-aminopropyltrimethoysilane (AE-APTMS), was done following a
procedure adapted from Harlick and Sayari [191]. First, 1.0 g of zeolite Y powder was dried overnight
in an oven at 150 °C. This dried powder was then added to a 250 mL multi-neck round bottom flask set
up with a reflux condenser and containing 150 mL of toluene (ACS grade). This set up was then lowered

into an oil bath, and the mixture was stirred at 1000 rpm for 30 min at room temperature. 0.3 mL of
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deionised water was then added to the mixture and stirred at 1000 rpm for another 3 h. After that time,
the temperature of the oil bath was increased to 85 °C. Once the temperature was reached (~ 20 min),
3.0 mL of aminosilane, either APTMS or AE-APTMS was added into the mixture, which was left to
stir at 1000 rpm for 16 h under reflux. The mixture was then filtered in a Biichner funnel and washed
five times with toluene and a final wash with pentane. The filtered product was then dried in an oven
for 4 h at 120 °C to yield the final aminosilane functionalised zeolite Y powder, either ZY-APTMS or

ZY-AE-APTMS.

4.2.3.2. Ammonia functionalisation of zeolite Y

Functionalisation of zeolite Y with ammonia (NH3) was done following a procedure adapted
from Srasra et al. [192]. 0.5 g of zeolite Y powder was loaded into an alumina boat and placed into a
horizontal tubular furnace (Carbolite Gero STF 16/180). The furnace was first purged with a 250 mL
min™! flow of Ar at room temperature for 15 min. The gas was then switched to a 100 mL min™! flow of
NHj3, and the temperature increased to 700 °C, 800 °C, or 900 °C at a rate of 10 °C min' and maintained
for 8 h. After this time, the temperature was turned off and the gas flow switched to 20 mL min™' of Ar,
and the furnace was left to cool overnight at these conditions. For experiments conducted at 700 °C or
900 °C, the sample was removed from the furnace the following morning to yield the final products,
ZY-NH3-700-8 or ZY-NH3-900-8, respectively. For experiments conducted at 800 °C, the sample was
either removed from the furnace the following morning, or the same procedure was repeated for either
one or two more consecutive days without removing the sample to accomplish 16 h and 24 h of NH;3
functionalisation, respectively. The final products obtained were then ZY-NH3-800-8, ZY-NH3-800-16,

or ZY-NH;-800-24.

4.3. Characterisation of chemical features

4.3.1 Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) was used to analyse the chemical features of

Lewatit, Purolite, and amine-functionalised ZY samples, where the absorbance of specific radiation
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wavelengths corresponds to the vibrational energy of specific chemical bonds. FTIR spectra were
collected using an Agilent Cary 630 FTIR spectrometer equipped with an attenuated total reflectance
(ATR) accessory. Lewatit and Purolite samples were first degassed ex-situ at 120 °C and 0.02 mbar for
at least 12 h using a Micromeritics VacPrep™ 061 and then ground using a pestle and mortar before
analysis. Amine-functionalised ZY samples were analysed without prior treatment. Sixteen spectra
were measured per sample and an averaged spectrum was obtained over the wavenumber range of 400—

4000 cm™! with a resolution of 2 cm ™.

4.3.2 Elemental analysis

Elemental analysis was used to quantify the presence of C, N, and H in Lewatit and Purolite,
where the samples underwent high-temperature combustion yielding gaseous oxides for subsequent
analysis with a thermal conductivity detector. Elemental analysis was performed using a Eurovector
EA 3000 CHNS-O Elemental Analyser on Lewatit and Purolite samples weighing between 0.75 and
3.0 mg, which were weighed into tin vials (4x6 mm) prior to measurement. Samples were degassed ex-
situat 120 °C and 0.02 mbar for at least 12 h prior to measurement, and each sample was run in triplicate.
Accurate sample weighing was achieved using a microbalance (Sartorius, ME 5 OCE). The operating
temperatures for the combustion and reduction were 1000 °C and 750 °C, respectively. He was used as

the carrier gas in all cases.

4.3.3 X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) was used to analyse the crystal structure of TIFSIX-3-Ni
samples. Here, an X-ray beam is directed at the sample and rotated over a range of angles. As the beam
rotates, it diffracts off the different lattice planes in the crystal, yielding an X-ray diffraction pattern
associated with the sample’s specific crystal structure. XRD was carried out using three different
instruments depending on their availability. The first option was a PANalytical X'Pert Pro X-ray
diffractometer with an anode voltage of 40 kV and an emission current of 20 mA using monochromatic

Cu Ka radiation (A =1.54178 A). The detector used was an X'Celerator silicon strip detector. Points

62


https://www.sciencedirect.com/topics/materials-science/silicon

were recorded over a 20 angle range of 5 © to 45 © with a step size of 0.0167 °. The second option was
a PANalytical X'Pert Pro X-ray diffractometer with an anode voltage of 40 kV and an emission current
of 40 mA using monochromatic Cu Ko radiation (L= 1.54178 A). The detector used was an
X'Celerator silicon strip detector. Points were recorded over a 20 angle range of 5 ° to 45 ° or 50 ° with
a step size of 0.0167 °. The third option was a Bruker 2D PHASE X-ray diffractometer with an anode
voltage of 30 kV and an emission current of 10 mA using monochromatic Cu Ka radiation (A =
1.54178 A). The detector used was a LYNXEYE SSD160. Points were recorded over a 20 angle range
of 6 ° to 45 ° with a step size of 0.0161 °.

In-situ XRD was used to detect changes in the crystal structure of TIFSIX-3-Ni samples as they
were exposed to different gas environments. This was performed using a PANalytical Empyrean X-ray
diffractometer with an anode voltage of 40 kV and an emission current of 40 mA using monochromatic
Cu Ko radiation (A = 1.54178 A). The detector used was a PIXcel'® detector. Points were recorded
over a 20 angle range of 5 to 50 © with a step size 0of 0.0131 °. Samples were subjected to the following
procedure, where an XRD pattern was measured at the end of steps 1, 2, 3, and 5: 1) Sample exposed
to ambient air. 2) Flow N3 at 2 mL min™! for 10 min at room temperature. 3) Increase the temperature to
160 °C at a rate of 10 °C min™' and hold for 10 min at 160 °C under the same N, flow. 4) Cool down to

room temperature under the same N flow. 5) Flow CO; at 2 mL min™! for 40 min at room temperature.

4.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to analyse the composition and chemical
environment of the elements present in TIFSIX-3-Ni and amine-functionalised ZY samples. In this
process, X-ray photons are directed at the sample which ejects electrons at specific kinetic energies
from the different atoms. The difference between the incident photon energy and the measured ejected
electron kinetic energy yields the electrons’ binding energies, which correspond to specific atoms and
chemical environments. XPS analyses were performed using a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer equipped with an MXR3 Al Ka monochromatic X-ray source

(hv=1486.6 eV) set to 72 W (6 mA and 12 kV). Powder samples were mounted onto carbon tape for
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measurement. For TIFSIX-3-Ni samples, the data was analysed with Thermo Scientific Avantage™
software for C 1s, N 1s, O 1s, Ni 2p, Ti 2p and F 1s spectra. For amine-functionalised ZY samples, the
data was analysed with Thermo Scientific Avantage™ software for Si 2p, Al 2p, O 1s, C 1s, and N 1s

spectra. The adventitious carbon (C—C) peak set at 284.8 eV was used for binding energy calibration.

4.4. Characterisation of textural properties and density

4.4.1 Ny sorption at -196 °C

N> sorption isotherms at -196 °C were measured using a Micromeritics 3Flex porosity analyser
to determine the specific surface areas and pore volumes of all samples. This instrument employs a
volumetric technique, where the change in pressure of a calibrated volume as gas is exposed to a sample
tube is associated with the amount adsorbed. The amount of gas adsorbed can then be linked to the
surface area and pore volume of the sample by knowing the adsorbate cross section.

Prior to measurement, all samples were degassed ex-situ using a Micromeritics VacPrep™ 061
before being moved to the porosity analyser for in-situ degassing. For Lewatit, Purolite and
aminosilane-functionalised ZY, samples were degassed ex-situ at 120 °C and 0.02 mbar for at least 12
h, cooled to room temperature, then degassed in-situ at 120 °C and 0.00002 mbar for 24 h, with the
temperature increased at a rate of 5 °C min™'. For TIFSIX-3-Ni, both powder and pellet samples were
degassed ex-situ at 0.02 mbar and 160 °C for 24 h, with the temperature increased from room
temperature at a rate of 10 °C min’!, cooled to room temperature, then degassed in-situ at 120 °C and
0.00002 mbar for 24 h, with the temperature increased at a rate of 5 °C min™'. For unfunctionalised ZY
and ZY-NH3, samples were degassed ex-situ at 350 °C and 0.02 mbar for at least 12 h, cooled to room
temperature, then degassed in-situ at 350 °C and 0.00002 mbar for 8 h, where the temperature was first
increased to 120 °C at a rate of 5 °C min’!, and then increased to 350 °C at a rate of 10 °C min!. A
higher degassing temperature was used for these samples to ensure any adsorbed impurities would be
removed from the zeolite micropores. This temperature could not be used for the resins and

aminosilane-functionalised ZY samples due to the risk of reversing the functionalisation.
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Approximately 100 mg of dried samples were used for all measurements. For pelletised TIFSIX-3-Ni,
this corresponded to 2 to 3 pellet pieces of ~ 4 mm in width and 5 mm in height.

Validation of the porosity analyser for -196 °C N, measurements was done by measuring N>
sorption isotherms at -196 °C for a silica-alumina reference material purchased from Micromeritics.
Independent aliquots were also measured on all three ports to confirm data reproducibility. This data
was then compared to reference data provided by Micromeritics (Figure A2.1).

The specific surface area for all samples was determined using the “BET surface identification”
method (BETSI) [193]. The original BET method [74] involves fitting the BET isotherm model
describing multilayer adsorption to a measured isotherm within the linear relative pressure range of ~
0.05 to 0.3 [75] to determine the volume of the adsorbed monolayer, which can then subsequently be
used to calculate the specific surface area, or BET area. As the BET method was not originally devised
for microporous adsorbents where monolayer and multilayer adsorption are often indistinguishable
[194], identification of the linear relative pressure range in these isotherms can be very difficult. A set
of conditions known as the Rouquerol criteria [75] are therefore used to help select the appropriate
range of relative pressure points that should be included in the BET calculations. Firstly, in a plot of
n-(1-P/P°) against P/P° (i.e. the BET plot), where # is the loading and P/P° is the relative pressure, the
y-intercept should be positive. Secondly, the values of n-(1-P/P°) should always be increasing within
the chosen relative pressure range. Lastly, the monolayer adsorption capacity should correspond to a
relative pressure point within the selected range. The BETSI software eliminates the need for manual
selection and uses an iterative algorithm to return an optimal BET area, thus reducing user error and
bias.

The total pore volumes for all TIFSIX-3-Ni and ZY samples were estimated from the
N> loading (in mmol g!) at a relative pressure (P/Po) of 0.97, using a molar volume of 28.775 mmol cm"
3 for N at 1.00 atm and -196 °C. For Lewatit and Purolite samples, the total pore volume was estimated
at a relative pressure of 0.99, and the cumulative pore size distribution was determined using the density
functional theory (DFT) model available in the 3Flex software, “N2 — DFT Model”, with a slit-shaped

pore geometry kernel and 0.10000 regularisation.
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For TIFSIX-3-Ni samples, the micropore volume was estimated using the Dubinin-Astakhov
(DA) method [76, 77] available in the 3Flex software. Here, the isotherm data is converted to a plot of
[log(P°/P)]" against log(Q), where P° and P are the saturation and equilibrium adsorption pressure
respectively, Q is the adsorbate loading, and # is the Astakhov exponent. Fitting of the isotherm data to
the DA equation (equation (4.1)) yields QOuicro as the intercept, i.e. the adsorbate loading due to
micropore filling, which can then be converted to a micropore volume:

RT \™ P"
10g(Q) = 108(Qmicro) — (55) *[lo8(%)] (.1)
where R is the universal gas constant, f is the adsorbate affinity parameter, and Ey is the characteristic
energy.

For pelletised TIFSIX-3-Ni specifically, a pore size distribution in the pore width range 0.45 to
45 nm was determined using the density functional theory (DFT) model available in the 3Flex software,
“N2 — Tarazona NLDFT, Esf = 30.0K”, with a cylinder pore geometry kernel and 0.20000
regularisation. This model is likely not well suited for TIFSIX-3-Ni as it was originally derived for a
system of hard spheres, however this was chosen in preference to other models in the software which
were for oxide surfaces, pillared clay, and carbon nanotubes [195].

For amine-functionalised ZY samples, the micropore volume was extracted from the pore size
distribution, which was determined using the density functional theory (DFT) model available in the
3Flex software, “N2 — Cylindrical Pores — Oxide Surface”, with a cylinder pore geometry kernel and
varying regularisation for different samples as follows: ZY, ZY-NH3-800-8, ZY-NH;3-800-16, ZY -NHs-
800-24, and ZY-NH3-900-8: 0.03160; ZY-NH3-700-8: 0.10000; ZY-3-APTMS: 0.31600; ZY-3-2-AE-

3-APTMS: 0.20000.

4.4.2 CO; sorption at 0 °C

CO; sorption isotherms at 0 °C were measured volumetrically using a Micromeritics 3Flex
porosity analyser to further assess specific surface areas and pore volumes for TIFSIX-3-Ni samples as
Nz at -196 °C may be kinetically restricted when trying to enter the ultramicropores present in these

samples. Temperature control at 0 °C was achieved by filling the provided liquid nitrogen dewar with
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an ice bath. Samples were first degassed ex-situ using a Micromeritics VacPrep™ 061 at 0.02 mbar and
160 °C for 24 h, with the temperature increased from room temperature at a rate of 10 °C min™'. The
sample was then cooled to room temperature, moved to the porosity analyser, and degassed in-situ at
120 °C and 0.00002 mbar for 24 h, with the temperature increased at a rate of 5 °C min™'. Approximately
100 mg of dried samples were used for the measurements.

Validation of the porosity analyser for CO, measurements was done by measuring CO, sorption
isotherms at 0 °C for a zeolite 13X reference material purchased from Micromeritics. Independent
aliquots were also measured on all three ports to confirm data reproducibility. This data was then
compared to reference data provided by Micromeritics, along with data measured for the same sample
on a Quantachrome Autosorb iQ3 (QC) porosity analyser (Figure A2.2).

The specific surface area was determined using the BET method [74] with the Rouquerol criteria
(described in Section 4.4.1) applied [75]. The micropore volume was estimated using the Dubinin-

Astakhov method [76, 77].

4.4.3 Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry (MIP) was used to determine a pore size distribution beyond 45
nm for pelletised TIFSIX-3-Ni, where the amount of pressure needed to cause the non-wetting mercury
to enter a pore is inversely related to the pore diameter, and the volume of mercury intruded corresponds
to the volume of the pores. The volume of the pellets can also be determined from the difference in
mercury needed to fill an empty penetrometer compared to the amount needed to fill a penetrometer
containing sample (without applying external pressure to intrude into intraparticle pores). MIP was
performed using a Micromeritics AutoPore IV Series Mercury Porosimeter. A 400 mg pellet of 13 mm
diameter and ~ 5 mm height was cut into 9 pieces following a grid pattern as described in Section
4.2.2.3. All 9 pellet pieces were then degassed ex-situ at 0.02 mbar and 160 °C for at least 12 h, using
a Micromeritics VacPrep™ 061, with the temperature increased from room temperature at a rate of 10
°C min’'. These were then added to a mercury penetrometer with a capillary intrusion stem volume of

1.1 cm? and subjected to measurements in the pressure range of 3.7x1072 bar to 2.23x10° bar. The
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AutoPore IV software (version 9500) was used to obtain the pore size distribution in the pore width
range 5 nm to 345 pm.

For pelletised TIFSIX-3-Ni samples, the total pore volume was estimated by combining the
pore size distribution results from N adsorption at -196 °C and MIP measurements, based on the
procedure described by Azzan et al. [48]. Here, the pore size distribution from both techniques were
converted to a cumulative pore volume as a function of the pore diameter. The two data sets were then
combined, where the cumulative pore volume below a pore diameter of 45 nm was taken from the N,
adsorption results, and the cumulative pore volume above 45 nm was taken from the MIP results. 45
nm was chosen as the transition point as the N» adsorption results would be more accurate than the MIP

results in the micro to mesoporous range.

4.4.4 Helium pycnometry

Helium pycnometry was used to determine the skeletal densities of Lewatit and Purolite by
measuring the pressure of He used to fill a chamber of known volume containing the sample. The
difference in pressure compared to filling an empty chamber corresponds to the volume (and
subsequently density) of the solid sample, not including any interparticle or intraparticle pore volumes.
Helium pycnometry was performed using a Micromeritics AccuPyc II 1340 pycnometer. Samples were
first degassed ex-situ at 120 °C and 0.02 mbar for at least 12 h using a Micromeritics VacPrep™ 061,
and approximately 1.7 g of dried sample was used to fill a 3.5 cm® sample holder. Samples were then
exposed to 20 purge cycles of He dosing (~1.34 bar) followed by 10 measurement cycles at the same

conditions (equilibrium rate of 0.005 psig min').

4.4.5. Bed density

Bed densities (poed) for Lewatit and Purolite were measured by filling a 3D-printed cylindrical
container (2.0 cm x 2.0 cm cube with a 1.6 cm diameter by 1.2 cm height cylindrical cavity, see Figure
A2.3 for an image) with dried sample (degassed at 120 °C and 0.02 mbar for at least 12 h using a

Micromeritics VacPrep™ 061). The container was overfilled with the dried sample, tapped 20 times,
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and the excess swept off using a straight-edged spatula. The total weight of the container and sample
was then measured on an analytical balance (OHAUS Adventurer Pro), from which the weight of the
empty container was subtracted to obtain the mass of sample. This was then divided by the known
volume of the cylinder, determined by weighing the mass of water required to fill its cavity (~ 2.4 cm?),

to determine the final bed density. This procedure was repeated three times for each sample.

4.4.6 Density and porosity calculations
4.4.6.1 Lewatit and Purolite

Using the skeletal densities determined from helium pycnometry (Section 4.4.4), the bed
densities determined from the procedure described in Section 4.4.5, and assuming a spherical bed
voidage (epea) 0f 0.36 [196], the pellet (i.e. bead) density (ppeliet), total pore volume (Vo pores), and pellet

(i.e. bead) porosity (&peiet) of Lewatit and Purolite were calculated from the following equations (4.2) to

(4.4):
__ _Pbed
Ppellet = 1_:bed (42)
1 1
v — — 4.3
total pores Ppellet Pskeletal ( )
Vtotal
Epetter = —oaLpores 4.4)

1/ppeliet

4.4.6.2 TIFSIX-3-Ni

The pellet density (ppeitet) Of pelletised TIFSIX-3-Ni was extracted from the MIP results, and
the total pore volume (Vi pores) Was determined as described in Section 4.4.3. Assuming that cylindrical
pellets with a height to diameter aspect ratio of 0.9 can be manufactured, a maximum random packing
density of 0.72 can be achieved [196], or a bed voidage (eveq) of 0.28. From these parameters, the bed
density (pued), skeletal density (pskeletal), and porosity (epeiiet) of TIFSIX-3-Ni pellets were calculated by

rearranging equations (4.2) and (4.3), and using equation (4.4), respectively.
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4.5. Characterisation of thermal properties

4.5.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used to determine the thermal stability of Lewatit,
Purolite, and TIFSIX-3-Ni, and to quantify the aminosilane loading on functionalised ZY samples by
measuring the change in sample mass due to sample decomposition with increasing temperature. TGA
was carried out with a Netzsch TG 209 F1 Libra thermal analyser using ~ 20 mg of untreated sample
placed in an alumina crucible. Lewatit and Purolite samples were subjected to a heat treatment from 30
°C t0 900 °C at a ramp rate of 10 °C min™!. This was done under either protective N, flow (100 mL min-
1, or a mixture of air (100 mL min™) and protective N> flow (20 mL min™!). TIFSIX-3-Ni samples were
subjected to a heat treatment from 30 °C to 900 °C at a ramp rate of 10 °C min™' under protective N,
flow (100 mL min'). Aminosilane-functionalised ZY samples were subjected to the following heat
treatment adapted from Harlick and Sayari [191]: increase temperature from 30 °C to 200 °C at a rate
of 10 °C min’', hold at 200 °C for 1 h, and heat to 900 °C at a rate of 10 °C min™', all under a protective
N> flow of 100 mL min'. The isothermal step at 200 °C was used to remove any dangling methoxy
ligands due to incomplete reaction, while above this temperature, mass loss was associated to
degradation of the functionalised aminosilane chains [191]. The heat treatment was completed with a
subsequent temperature increase to 1000 °C at a rate of 10 °C min™ under a mixture of air (100 mL min-
1) and protective N> flow (20 mL min™) to remove any residual organic material. A correction run with
an empty alumina crucible and identical analysis conditions was performed prior to measurements to

account for buoyancy effects.

4.5.2 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to determine the specific heat capacities of
Lewatit, Purolite, and TIFSIX-3-Ni. For this technique, the heat flow into a sample chamber containing
an empty pan, reference material, and then sample is measured against a reference chamber always
containing an empty pan, over a specified temperature range. These heat flows are then used to calculate

the specific heat capacity of the sample.
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DSC was performed using a PerkinElmer DSC 8000 differential scanning calorimeter
following a methodology adapted from Moosavi et al. [91]. For Lewatit and Purolite, samples were first
degassed ex-situ at 120 °C and 0.02 mbar for at least 12 h using a Micromeritics VacPrep™ 061, and
then ground into powder using a pestle and mortar before analysis. For TIFSIX-3-Ni, the sample was
analysed without prior treatment. For all measurements, ~ 5 to 6 mg of powder was placed into an
aluminium DSC pan and crimped with a corresponding aluminium lid with a manually pierced pinhole.
The sample pan was placed into the sample chamber, while an identical empty aluminium pan and lid
(uncrimped) was placed into the reference chamber. The external chiller was set to -20 °C, and the
chambers were then subjected to the following temperature profiles. For Lewatit and Purolite:
isothermal at 20 °C for 5 min, heating ramp to 120 °C at a rate of 10 °C min™', isothermal at 120 °C for
15 min, all under a N flow of 40 mL min™'. For TIFSIX-3-Ni: isothermal at 20 °C for 5 min, heating
ramp to 160 °C at a rate of 10 °C min™', isothermal at 160 °C for 15 min, all under a N flow of 40 mL
min’!. Measurements were repeated without opening the sample and reference chambers until three
overlapping heat flow curves were obtained. Prior to each series of measurements, an empty aluminium
DSC pan and lid, and an a-alumina (i.e. sapphire) standard, were used to obtain baseline and reference
curves, respectively. The same procedure as outlined above was used for these measurements, though
the aluminium pans were not crimped. The specific heat capacity curves for the samples were then
derived with the PerkinElmer DSC 8000 software using the last of the three overlapping heat flow
curves for each component (baseline, reference, sample).

This methodology was verified by measuring the heat capacities of y-alumina powder and the
a-alumina disc provided by the DSC instrument manufacturer, which were comparable (< 5%
deviation) to the literature values provided by the National Institute of Standards and Technology
(NIST) [197] (Figure A2.4). The measured specific heat capacity data for Lewatit, Purolite, and
TIFSIX-3-Ni were fitted to a commonly used specific heat capacity equation [198] using the non-linear

curve fit function in OriginPro with the orthogonal distance regression iteration algorithm.
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4.6. Characterisation of equilibrium sorption properties

4.6.1 Gas and vapour sorption measurements

Gas and vapour sorption isotherms were measured volumetrically using a Micromeritics 3Flex
porosity analyser for CO; at 15, 25, 35, 60, 70, 80, and 120 °C, for N> and H»O at 15, 25, and 35 °C,
and for Ar and O, at 25 °C. Additional temperatures were not measured for Ar and O as it was assumed
that their sorption behaviour, and subsequently their fitted isotherm parameters, would be similar to that
of N». All samples were degassed ex-situ using a Micromeritics VacPrep™ 061 before being moved to
the porosity analyser for in-situ degassing and subsequent measurements. Degassing protocols (both
ex-situ and in-situ) were tailored for each adsorbent.

Lewatit and Purolite samples were degassed ex-situ at 120 °C and 0.02 mbar for at least 12 h,
cooled to room temperature, then degassed in-situ at 120 °C and 0.00002 mbar for 24 h, with the
temperature increased at a rate of 5 °C min™'. For CO, measurements, ~ 100 to 200 mg of dried sample
was used, and a fresh aliquot of sample was used for each temperature measurement. For H,O
measurements, ~ 100 to 200 mg of dried sample was used, and the same aliquot of sample was used to
measure all temperatures. For N,, Ar, and O, measurements, ~ 1.0 to 1.5 g of dried sample was used,
and the same aliquot of sample was used for all measurements, which were done in the gas order listed.
Measurements were done in this order (i.e. inert gases followed by O2) to avoid any measurement on
possibly oxidised/degraded samples. A glass stirring rod was also placed in each sample tube for Na,
Ar, and O, measurements to reduce the free space volume.

TIFSIX-3-Ni samples were degassed ex-situ at 0.02 mbar and 160 °C for 24 h, with the
temperature increased from room temperature at a rate of 10 °C min™'. The sample was then cooled to
room temperature and degassed in-situ at 120 °C and 0.00002 mbar for 24 h, with the temperature
increased at a rate of 5 °C min™'. A given aliquot of sample was used to measure all isotherms for CO»,
and a new aliquot used for all H,O isotherms. A final new aliquot of sample was used for the N», Ar,
and O, measurements, which were done in the gas order listed to again avoid any potential oxidative

degradation to the sample. Approximately 100 mg of dried sample was used for all measurements. A
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glass stirring rod was also placed in each sample tube for all measurements to reduce the free space
volume.

Aminosilane-functionalised ZY samples were degassed ex-situ at 120 °C and 0.02 mbar for at
least 12 h, cooled to room temperature, then degassed in-situ at 120 °C and 0.00002 mbar for 24 h, with
the temperature increased at a rate of 5 °C min™'. Approximately 100 mg of dried sample was used for
CO; and H,O measurements at 25 °C, while ~ 350 mg was used for N> measurements at 25 °C. Parent
ZY and functionalised ZY-NH3 samples were degassed ex-situ at 350 °C and 0.02 mbar for at least 12
h. The samples were then cooled to room temperature and degassed in-situ at 350 °C and 0.00002 mbar
for 8 h, where the temperature was first increased to 120 °C at a rate of 5 °C min™', and then increased
to 350 °C at a rate of 10 °C min™'. A higher degassing temperature was used for these samples to ensure
any adsorbed impurities would be removed from the zeolite micropores. This temperature could not be
used for the aminosilane-functionalised ZY samples due to the risk of reversing the functionalisation.
Approximately 400 mg, 100 mg, and 250 mg of dried sample was used for CO,, H>O, and N,
measurements at 25 °C, respectively. For all measurements, a glass stirring rod was placed in each
sample tube to reduce the free space volume.

For measurements at and below 35 °C, temperature control was achieved by submerging the
sample tubes in a dewar containing a water-glycol based bath fluid. The bath temperature was measured
with a glass thermometer and maintained using a Julabo F250 recirculating cooler. For measurements
at and above 60 °C, temperature control was achieved by using the heating mantle provided with the

3Flex instrument.

4.6.2 Isotherm model fittings

Isotherm model fits for CO», N», and H,O adsorption data were carried out with MATLAB
R2020a (The Mathworks Inc.) using the in-house software package isothermFittingTool which employs
a maximum likelihood estimator [199]. Further details regarding the fitting procedures and uncertainty

calculations used in this software are detailed in the works of Hwang et al. [200] and Azzan et al. [48,

201].
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4.6.3 Isosteric heat of adsorption calculations

The isosteric heats of adsorption for CO,, N>, and H>O were calculated using the van ’t Hoff
equation for specified loading (7) and corresponding pressure (P) values. Isotherm data (P vs. n) at each
temperature (7) were first interpolated using smoothing spline interpolation in MATLAB. A set of
points with 0.01 mmol g! intervals were generated over the loading range common to all temperatures,
and the corresponding P values were determined using the smoothing spline interpolation. A linear
regression was then applied to the In(P) vs 1/T data for each value of n using the LINEST function in
Microsoft Excel. The heat of adsorption for each value of n (4H,) was then calculated using equation
(4.5), where the derivative corresponds to the slope of the linear regression and R is the universal gas

constant.

alnp

AH, = — a(l/T)]n (4.5)

4.6.4 Limiting heat of adsorption calculations

The limiting heats of adsorption (4H)) for CO.,, N,, and H,O were calculated using the Henry
constants determined for each isotherm temperature [202]. Virial plots (n vs. In(P/n)) were created and
the low loading data at each temperature was fit to a linear equation. The negative exponent of the
intercept gives the Henry constant (K). A linear regression can then be applied to InK vs 1/7, from which

the slope can be used to calculate 4Hyas shown in equation (4.6).

dlnK
AHy = —R [a(l /T)]O (4.6)

4.7 TIFSIX-3-Ni stability studies

4.7.1 Exposure to H20 only

H,O adsorption isotherms were measured volumetrically using a Micromeritics 3Flex porosity
analyser at 25 °C up to 15% relative humidity (RH), 48% RH, and 77% RH, respectively, following the
procedure in Section 4.6.1. These samples were then removed from the 3Flex, where ~ 5 mg were used

for XRD measurements following the procedure in Section 4.3.3. N isotherms at -196 °C and CO;

74



isotherms at 25 °C were measured on the remaining ~ 95 mg samples following the procedures in

Sections 4.4.1 and 4.6.1, respectively.

4.7.2 Exposure to O and H>O (closed environment)

Samples were subjected to a closed environment of 75% RH and 90% RH at 40 °C for 14 days
following a procedure adapted from Kumar et al. [107]. Two 250 mL beakers were filled with separate
saturated salt solutions of sodium chloride and potassium nitrate to produce RH levels of 75% and 90%,
respectively [203]. Each beaker was placed in its own 1 L Kilner clip top mason jar with a rubber seal,
along with ~ 100 mg of sample placed in an open 10 mL glass vial and a digital hygrometer-thermometer
(Figure A2.5). Both mason jars were then placed in an oven set to 40 °C for 14 days. After this time,
the samples were removed and XRD patterns were immediately measured using ~ 5 mg of these wet
samples following the procedure in Section 4.3.3. N isotherms at -196 °C and CO; isotherms at 25 °C
were then measured on the remaining ~ 95 mg samples following the procedures in Sections 4.4.1 and

4.6.1, respectively.

4.7.3 Exposure to O, and H>O (atmospheric exposure)

Approximately 100 mg of sample was placed in an open 30 mL glass vial and left on a shelf in
the laboratory for 6 months. The average temperature and RH level in the lab is approximately 22 °C
and 45% RH, respectively. After this time, XRD was performed on ~ 5 mg of sample following the
procedure in Section 4.3.3, and N» isotherms at -196 °C and CO» isotherms at 25 °C were measured on

the remaining ~ 95 mg samples following the procedures in Sections 4.4.1 and 4.6.1, respectively.

4.7.4 Adsorption-desorption cycling

TIFSIX-3-Ni granules of 1 to 2 mm in diameter were prepared as described in Section 4.2.2.3.
Approximately 20 mg of these granules were subjected to multiple adsorption-desorption cycles in
ambient air using a Netzsch TG 209 F1 Libra thermal analyser. The sample was first subjected to a

“long cycle” to achieve gas adsorption saturation as follows: sample heated to 160 °C from 30 °C at a
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rate of 5 °C min’!, held at 160 °C for 6 h, cooled to 30 °C, held at 30 °C for 14 h, heated to 160 °C at a
rate of 5 °C min’!, and held at 160 °C for 6 h, under a mixture of ambient air (190 mL min™') and
protective He flow (10 mL min™). Protective He flow was required for this experiment to preserve the
TGA balance, where 10 mL min™! was the lowest possible flowrate able to be used. The same sample
was then subjected to 50 “short cycles” under the same gas conditions as follows: sample initially heated
to 160 °C from 30 °C at a rate of 5 °C min’!, held at 160 °C for 6 h, cooled to 30 °C, held at 30 °C for
1 h, heated to 160 °C at a rate of 5 °C min™', held at 160 °C for 15 minutes, and the final cooling and
heating steps repeated another 49 times. After the series of “short cycles”, the same sample was
subjected to another “long cycle” exactly as described previously. The relative humidity of the ambient
air was recorded over the course of each measurement using a Lascar EL-SIE-2 temperature and
humidity data logger.

Before each cycling measurement, the sample was degassed ex-situ at 0.02 mbar and 160 °C
for at least 12 h using a Micromeritics VacPrep™ 061, with the temperature increased from room
temperature at a rate of 10 °C min’'. A correction run with an empty crucible and identical analysis
conditions was also performed before each measurement to account for buoyancy effects. An
aluminium crucible with 0.2 mm holes drilled at 0.5 mm pitch and placed in a perforated stainless-steel
holder was used for these measurements to ensure optimal gas flow through the sample (Figure A2.6).
The post-cyclic sample was characterised using XRD, N, adsorption at -196 °C, and CO, adsorption at
25 °C as described in Sections 4.3.3, 4.4.1, and 4.6.1, respectively. For XRD measurements, the post-
cyclic TIFSIX-3-Ni sample was crushed into powder as the granules did not have a sufficient surface
width for the beam. For isotherm measurements, glass beads of 2 mm diameter were used in addition
to a glass rod to fill the remaining volume of the 3Flex tubes to minimise measurement error as only ~
20 mg of the post-cyclic sample was available. The same procedure and amount of sample were also

used to characterise and compare as-synthesised TIFSIX-3-Ni pellets.
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Chapter 5: Physicochemical and equilibrium sorption properties of
Purolite A110 and Lewatit VP OC 1065 for direct air capture

The work and discussions in this chapter were previously published by the thesis author in the Journal
of Chemical & Engineering Data [1]. The new Chemi-Physisorption isotherm model was conceived by

Dr. David Danaci.

5.1 Introduction

Amongst the various adsorbent classes, polymers are currently the most often investigated for
DAC process studies (Figure 2.7) [10]. This is largely because Lewatit VP OC 1065 (i.e. Lewatit), a
commercially available polymeric resin functionalised with primary amines, seems to be the only
material other than zeolite 13X for which sufficient adsorbent data is available to conduct process
modelling for DAC. While 13X is a well-known commercial benchmark for post-combustion carbon
capture, it has a relatively low CO; adsorption capacity of 0.2 — 0.3 mmol g at 0.4 mbar CO, and 25
°C [31, 204]. In comparison, Lewatit has a relatively high CO, adsorption capacity of 1.0 mmol g at
0.4 mbar CO; and 25 °C under dry conditions [205]. This is due to its chemisorbent nature, where two
amine groups react with and capture CO; to form ammonium carbamate [12] (equation (5.1)).
CO, + 2RNH, & RNHF + RNHCOO0~ 5.D

Lewatit is therefore often regarded as a benchmark DAC adsorbent. The current literature
consists of investigating the performance of Lewatit using different cycle processes [43, 150, 178, 205-
208] and contactor designs [17, 209-213], the impact of climate variations [32, 214], a few pilot-scale
investigations [215, 216], and some kinetic studies at low CO, compositions [44, 150, 217, 218].

Expanding this group of easily-accessible commercial materials for DAC with the necessary
data available to facilitate their process scale evaluation will help accelerate the deployment of
adsorption-based DAC technologies. In the field of polymeric resins, Shu et al. investigated a
commercial resin (AmberLite HPR4800 OH) using pH swing regeneration in an electrochemical cell
[219], which had a CO, adsorption capacity of 1.76 mmol g under humid conditions at 0.4 mbar CO»

and 25 °C. The pellet (i.e. bead) and bed density of the adsorbent are available from the manufacturer
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[220], but other properties needed for process modelling were not reported in this study. Elfving et al.
studied an undisclosed resin supplied by Oy Hydrocell Ltd. under various process cycles [221],
regeneration conditions [222], and dry vs. humid conditions [149, 223]. The adsorbent consists of a
polystyrene matrix functionalised with primary amines, like Lewatit, with a dry CO, adsorption capacity
of 0.8 mmol g at 0.4 mbar CO, and 25 °C. Single component CO, and HO isotherms at multiple
temperatures, as well as CO»-H,O co-adsorption isotherms have been measured. Corresponding
isotherm equations and heats of adsorption were also reported, along with the bed density, pellet density,
and specific heat capacity. Parvazinia et al. studied another amine-functionalised polymeric resin,
Purolite A109, for CO, capture at 20 mbar and 25 °C [177], which had a CO, adsorption capacity of
0.2 mmol g! at those conditions. More recently, Purolite A110, the successor of Purolite A109,
appeared in the literature for the first time for DAC applications [224]. However, the authors had
modified the material with a CuCl, solution to form their Polyam-N-Cu?* adsorbent, which would
capture CO; only under humid conditions via a carbonate reaction. This material was reported to have
a CO, adsorption capacity of 5.1 mmol g'! at 0.4 mbar CO,, 25 °C, and 50% RH. Under the same
conditions, unmodified Purolite A110 captured 1.8 mmol g"! of CO,, which is comparable to Lewatit at
similar conditions (~ 0.35 mbar, 25 °C, 55% RH) [150]. However, the necessary data needed for process
scale evaluation, such as equilibrium isotherms and heats of adsorption, have not been measured.

In this study, I propose unmodified Purolite A110 (i.e. Purolite) as a new candidate benchmark
adsorbent for DAC and compare its properties to the current benchmark, Lewatit. The objective is to
measure all the physicochemical and equilibrium sorption properties needed to perform process
modelling and compare the results to that of Lewatit. For both Purolite and Lewatit, I report their
chemical features, chemical composition, skeletal, pellet (i.e. bead), and bed density, total pore volume,
pellet porosity, BET area, thermal stability, and specific heat capacity. To analyse their sorption
properties, I measure CO», N,, and H,O isotherms at multiple temperatures, and Ar and O isotherms at
a single temperature. For CO,, N,, and H,O, I also fit corresponding isotherm models and heats of

adsorption.
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5.2 Results and discussion

5.2.1 Physicochemical properties
5.2.1.1 Chemical and textural properties

Lewatit and Purolite present as spherical beads with 50 — 60 % water content and particle sizes
between 0.3 — 1.2 mm [225, 226]. Images of the beads before and after drying are shown in Figure
A3.1. Lewatit and Purolite are reported by their manufacturers to both consist of styrene-divinylbenzene
polymer backbones functionalised with primary amines, which should drive CO, adsorption. I
confirmed the presence of these functionalities for both resins using FTIR (Figure 5.1). The spectra
exhibit bands between 1625 cm™ and 1500 cm! corresponding to aromatic C=C bonds, bands between
3400 cm™ and 3300 cm™ and 895 cm™ and 650 cm™! characteristic of NH, vibrations, and bands around
1200 cm™! characteristic of C-N bonds [227]. I then used elemental analysis to quantify the nitrogen (N)
content in each resin, which is representative of the level of amine functionalisation. As seen in Table
5.1, Purolite has a higher amine content (10.2 wt% of N) than Lewatit (8.3 wt% of N). The N content
measured for Lewatit is not far off from the value of 9.5 wt% reported by Yu et al. [228]. Assuming
CO; adsorption only occurs under dry conditions where two N atoms are needed to capture one CO;
molecule (see equation (5.1)), the theoretical CO, capacity for Purolite would be higher than that of

Lewatit (3.6 mmol g™ vs. 3.0 mmol g, respectively).
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Figure 5.1. FTIR spectra for dried and ground Lewatit and Purolite resins.
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Table 5.1. Summary of CHN elemental analysis for Lewatit and Purolite resins, with uncertainty

bounds for a 95% confidence interval.

Sample C (wt%) H (wt%) N (wt%)
Lewatit 82.5+0.1 8.1+0.1 83+0.1
Purolite 79.6 £0.4 82+0.1 10.2+0.3

[ used N; sorption at -196 °C to determine the BET area and pore size distribution for Lewatit
and Purolite, which are reported as macroporous resins by the manufacturers. Images of the porous
surface of both resins are shown in Figure A3.2. Both resins have similarly low BET areas of 32 and
29 m? g’!, respectively, indicative of macroporous materials. I can also observe from the N» sorption
isotherms and pore size distribution the absence of micropores in the materials (Figure 5.2). The total
pore volumes of Lewatit and Purolite, obtained by direct reading of the N> isotherms at 0.99 P/P°, are
0.34 cm® g''and 0.23 cm?® g'!, respectively. This, however, is an underestimation of the actual total pore
volume for these materials, as N, sorption at -196 °C is ill-suited for macropore analysis. Indeed, when
I calculated the total pore volumes of Lewatit and Purolite using their measured bed and skeletal
densities, the total pore volumes were 0.43 cm® g' and 0.64 cm® g, respectively. Therefore, while
Lewatit has a larger volume of pores below 200 nm diameter, Purolite seems to have significantly more
macropores beyond this pore size, which were not detectable by N> sorption.

Using He pycnometry, we found that Purolite and Lewatit exhibit similar skeletal densities
(1.15 gem3 vs 1.12 g em™, respectively), but Purolite has a lower bed density than Lewatit (0.42 g cm
3vs 0.48 g cm?, respectively). This result implies that a lower mass of Purolite can fill a specified bed
volume compared to Lewatit. Purolite also has a higher total pore volume, higher porosity, and lower
pellet density than Lewatit. The values of bed density, pellet density, and porosity are typically needed
as inputs for process modelling and are reported in Table 5.2, along with the total pore volumes and
BET areas. Literature values for these properties are provided in Table A3.1 where available for

comparison.
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Figure 5.2. Porosity analysis of Lewatit and Purolite resins. a) N, sorption isotherms at -196 °C (filled
symbols = adsorption; open symbols = desorption). b) Cumulative pore size distribution obtained from

N sorption at -196 °C with DFT analysis.

Table 5.2. Summary of density (skeletal, pellet, bed) and textural property (total pore volume, pellet
voidage, BET area) values for dried Lewatit and Purolite resins. Uncertainty bounds for a 95%

confidence interval are provided when available.

Lewatit Purolite
Pskeletal (g €M) 1.1231 +0.0002 1.1471 £ 0.0002
Ppeliet (g cm™>) 0.744 + 0.001 0.663 = 0.002
Prea (g cm™) 0.476 + 0.001 0.424 +0.002
Vtotal pores (cm> g) 0.454 +0.001 0.637 +0.001
Epellet 0.338 £ 0.001 0.422 +0.001
Sger (m? g 1) 32 29

5.2.1.2 Thermal properties

I used thermogravimetric analysis (TGA) to determine the thermal stability of the resins, which
dictates the maximum temperature that can be used for desorption in a DAC process without degrading
the material. The manufacturer of Lewatit recommends a maximum operating temperature of 100 °C
[226], while none is recommended for Purolite. As seen in Figure 5.3a, both resins contain adsorbed

water (weight loss < 100 °C) with Purolite having approximately 20% higher water content than
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Lewatit. Small reductions in mass are observed for both Lewatit and Purolite starting at 125 °C under
both N> and air atmospheres (see Figure A3.3), likely associated with amine degradation [229]. The
larger decreases in mass between 300 °C to 400 °C for both materials under both conditions corresponds

to degradation of the polymer backbone.
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Figure 5.3. Thermal analysis of Lewatit and Purolite resins. a) TG curves under N (solid lines) and air
(dotted lines) atmospheres up to 900 °C. b) Specific heat capacities of the dried resins measured as a
function of temperature from 25 °C to 120 °C, where the darker solid lines represent the fitted results

using equation (5.2). Data for polystyrene was obtained from Gaur and Wunderlich [198].

I used differential scanning calorimetry (DSC) to determine the specific heat capacities of the
resins in the temperature range 25 °C to 120 °C, which is a possible range of temperatures that the
materials might experience in a DAC process. The heat capacity is a necessary input in process
modelling as it relates to the energy input needed to heat an adsorbent during the desorption process,
where an adsorbent with a higher heat capacity would require more energy to be heated to a set
temperature. As seen in Figure 5.3b, both Lewatit and Purolite have similar heat capacities (derived
from the heat flow curves shown in Figure A3.4), as expected due to their similar chemical structures.
Both values are similar to the heat capacity of polystyrene in the same temperature range (1.2 -1.7J g

I'°eC -1y [198], which forms the backbone of both resins, and agrees well with previously measured
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specific heat capacity values for Lewatit of 1.6 J g'! °C'[230]. The experimental data can be modelled
using equation (5.2) shown below [198]:

cp=a-(T+ 273.15) 2+ b (T +273.15) — ¢ (5.2)

Where ¢, is the specific heat capacity, 7T is the temperature (in °C), and a, b, and ¢ are fitted parameters

presented in Table 5.3 for Lewatit and Purolite.

Table 5.3. Fitting parameters for the specific heat capacity of Lewatit and Purolite.

Parameter Unit Lewatit Purolite
(x10Y)J°C g’ -2.97 +£0.06 -5.63 £0.06

b (x103) JgteC 2.40 +0.03 1.11 £0.03

c JgtecH! -0.93 £0.02 -1.62 £ 0.02

5.2.2 Equilibrium sorption properties
5.2.2.1 CO:; sorption

I measured the equilibrium CO, adsorption and desorption isotherms up to 1 bar for Lewatit
and Purolite at 15, 25, 35, 60, 70, 80, and 120 °C (Figure 5.4). I ensured equilibrium was reached by
repeating the adsorption and desorption measurements at 35 °C with the equilibrium interval increased
from 60 s to 90 s and observed no change in the results (Figure A3.5). The results demonstrate that
Purolite adsorbs more CO, than Lewatit at 0.4 mbar CO, pressure, which is representative of the CO»
feed stream for a DAC process. At an adsorption temperature of 25 °C and in the presence of 0.4 mbar
CO,, the gravimetric CO, adsorption capacity for Purolite vs. Lewatit is approximately 1.3 mmol g’!
vs. 0.95 mmol g'!. Considering the adsorbents’ bed densities (see Table 5.2), Purolite also has a higher
volumetric CO, adsorption capacity of 0.55 mmol cm>y.q compared to that of Lewatit (0.45 mmol cm®
3ved). This trend correlates to the higher N content observed for Purolite compared to Lewatit. CO»
isotherms for Purolite have not yet been reported in the literature, while CO> isotherms for Lewatit have
been measured before [150, 217, 231, 232]. I compared my adsorption data obtained at 25 °C with that
obtained by Young et al. [150] in Figure A3.6a. The data aligns very well at low CO, pressures, but the

CO; loading reported by Young et al. at pressures closer to 1 bar are higher than my experimental data.
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This deviation could be due to the different sorption measurement techniques used, i.e. gravimetrically

(Young et al.) vs volumetrically (this study).
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Figure 5.4. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms for CO»

measured at 15, 25, 35, 60, 70, 80, and 120 °C up to 1 bar for a) Lewatit and b) Purolite.

Hysteresis is observed for both Lewatit and Purolite in Figure 5.4. In both cases, the extent of
hysteresis decreases as the temperature increases, which is indicative of the chemisorbent nature of the
materials. At lower temperatures, there is insufficient energy available to remove the chemisorbed CO,
at a given pressure, while at higher temperatures (e.g. 120 °C), the process is reversible. We attribute
this behaviour to a true equilibrium effect rather than a kinetic effect. As mentioned previously, I
repeated measurements with a longer equilibration interval (Figure A3.5) and did not observe any
change in the degree of hysteresis in the isotherms.

I also measured adsorption and desorption isotherms at 35 °C for both materials approximately
a year after the original measurements on the same batch of resins to test if there was any degradation
of the adsorbents. As seen from Figure A3.7, there is no discernible difference between the two
measurements for Lewatit, however, there is a slight decrease in loading in the later Purolite
measurement compared to the original, which could be attributed to minor degradation of the material
during storage. A pilot scale study by van Paasen et al. [136] using Lewatit for post-combustion CO,
capture observed that approximately 10% of the adsorbent degradation after 33 days was due to shelf-
life instability, while the major contributor was oxidative degradation at high operating temperatures

84



during regeneration. These and other sources of oxidative degradation during a DAC process cycle were
recently described by Carneiro et al. [137].

Isotherm model equations that represent the experimental data well are needed to implement
the data in process modelling. All previous studies with Lewatit have used the temperature-dependent

Toth (td-Toth) isotherm model to describe the loading n of CO,, given by equations (5.3) to (5.6):

n= Qoo (T)'b(T) P . (53)

[1+(b(T)-P)T (D)7

Goo(T) = Qoo exp[x (1 -1 )] (5:4)
b(T) = by exp (=) (5.5)
©(T) = 1o + a( —%) (5.6)

where P is the pressure, 7 is the temperature, g.(7) is the maximum CO, capacity, g« is the maximum
CO; capacity at the reference temperature 7y, b(7) is the CO, adsorption coefficient defined by a
constant by and the internal energy change during adsorption AU, R is the universal gas constant, 7(7)
is the surface heterogeneity parameter, 7y is the surface heterogeneity parameter at 7y, and y and o are
factors determining the temperature dependencies of ¢..(7) and 7(7). As seen below in Figure 5.5, this
model does not fit our measured data very well for either Lewatit or Purolite at the lower temperatures
of 15, 25, and 35 °C. The fitted parameters are found in Table 5.4, while the upper and lower bounds
imposed on each parameter during the fitting are summarized in Table A3.2. The fitting parameters
determined by Young et al. [150] (Table A3.3) are also unable to represent my data well, as shown in
Figure A3.6. This may be due to varying factors, such as a different temperature range and a greater

number of data points, particularly in the low-pressure region below 0.01 bar.
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Figure 5.5. Equilibrium adsorption isotherms for CO, measured at 15, 25, 35, 60, 70, 80, and 120 °C
up to 1 bar for a) Lewatit and b) Purolite with a log-scale of pressure. Solid lines represent the fitting
results from the CP isotherm model while dashed lines represent the fitting results from the td-Toth

isotherm model. The fitting parameters of the isotherms are found in Table 5.4.
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Table 5.4. Fitting parameters with uncertainty bounds for a 95% confidence interval for the td-Toth

and CP isotherm models for CO; adsorption for Lewatit and Purolite.

Equation Parameter Unit Lewatit Purolite
td-Toth q..0 mmol g! 3.0023 + 0.0500 3.7476 £ 0.0492
by (x 10”) bar! 1.9940 +£0.2112 3.3802 £ 0.2905
-AU kJ mol! 70.149 + 0.278 70.100 + 0.228
T K 298.15 298.15
79 - 0.43120 + 0.00872 0.40085 + 0.00595
o - 1.4611 x 1010+ 1.4329 x 104+
1.0593 x 10~ 5.7833 x 1072
X - 0.68591 £ 0.19907 0.25122 £ 0.1451
CP q..0 mmol g’! 2.5649 £0.0112 2.9094 £0.0189
boyp (x 101 bar™! 1.0481 £ 0.0340 0.95981 + 0.04947
-AU, kJ mol! 105.51 +0.09 105.23 £0.14
Ty K 298.15 298.15
70 - 0.34307 £ 0.00177 0.40143 +0.00360
o - 1.3867 = 0.0384 1.9943 +0.0951
X - 1.6364 +0.0535 2.5219 £ 0.0864
q.c mmol g’! 1.0509 + 0.0259 3.5580+0.0910
bo,. (x 10?) bar 1.0335+0.0524 21.190 + 1.370
-AU. kJ mol! 13.496 £ 0.137 6.9953 £ 0.1802
E, kJ mol™! 0.60049 + 0.06427 3.1302 £ 0.0696

Given that td-Toth does not represent our data well, I considered other approaches. While the
dominant mechanism in amine-functionalised adsorbents is known to be chemisorption via the reaction
shown in equation (5.1), previous works have also observed a non-negligible contribution from
physisorption on the adsorbent surface, which would be more prevalent at lower temperatures [233,
234]. This seems to also apply to Lewatit and Purolite as their sorption isotherms do not plateau in our
measured pressure range. As such, an isotherm model which accounts for both physisorption and
chemisorption was previously proposed by Serna-Guerrero et al. to describe CO, adsorption on
triamine-grafted pore-expanded MCM-41 from 0.001 to 20 bar [233], and used by Elfving et al. for
CO; adsorption on a proprietary amine-functionalised resin from 0.1 to 5 mbar for DAC applications

[223]. This model is given by the following equation:
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4o (T)-b(T)-P

1
[1+(b(T)-P)TD]7M

qoo (T)'b(T)-P
N = Nppys + Necpem = [ 1
[1+(b(T)-P)* D7D

+
phys

(5.7)

chem
where g(7), b(T), and 7(T) are given by equations (5.4) to (5.6). However, to implement this model,
the contributions from 7,4 and nezen must be separately determined experimentally. Serna-Guerrero et
al. did so by measuring adsorption isotherms for un-grafted MCM-41 and assumed this was the
contribution for 7,4, while Elfving et al. used a N, purge with and without heat to separately desorb
CO; captured by chemisorption vs. physisorption, respectively. Other studies such as those by Pai et al.
[235], Hefti et al. [236], and Hughes et al. [237] have also proposed solutions for modelling isotherms
with both chemisorption and physisorption contributions, either by using a weighted isotherm model or
modelling the chemisorption and physisorption separately, though the application here was for S-shaped
isotherms from diamine-appended MOFs.

For this study, I propose a modification of equation (5.7) as follows, which I refer to from here

as the Chemi-Physisorption (CP) isotherm model.

Qoo (T) by (T)-P Goo,c'bc(T)-P
N = Nppys + Nepem "N = . [ ]

1+b,(T)-P " €Xp (%;a) (-8)

T
T(T)]ﬁ chem

[1+(bp(T)-P) phys

where ¢ is the maximum CO, capacity associated with chemisorption, E, is the activation energy, and
again gu(1), bp(T)/bo(T), and 7(T) are given by equations (5.4) to (5.6). Here, the contribution from
physisorption is given by the td-Toth isotherm model, while the contribution from chemisorption is
given by the single-site Langmuir (SSL) model. I assume that the transition between physisorption and
chemisorption follows an Arrhenius behavior given by # (i.e. at a given temperature, some fraction of
molecules will have sufficient activation energy to participate in chemisorption). Thus, the model
favours physisorption at lower temperatures, and increases the contribution of chemisorption as the
temperature increases, while still allowing for the exothermic nature of adsorption at even higher
temperatures. As shown in Figure 5.5, the model provides an improved fit of the experimental data. I
performed an F-test between the CP and td-Toth isotherm model fitting results and confirmed that the

improved results were indeed significant and not due to additional fitting parameters (see Appendix 3).
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The fitted parameters can be found in Table 5.4, while the upper and lower bounds imposed on each
parameter during the fitting are summarised in Table A3.2.
As the above CP isotherm model has not yet been thoroughly validated, I also fitted the

experimental data to the well-known virial equation as an alternative (Figure A3.8), given by:

In(P/n) = %-Z;nzlo a; nJ + Z;.ZZO b; nJ (5.9)
where a and b are the characteristic virial coefficients, n is the loading, P is the pressure, T is the
temperature, m; = 3, and m, = 1. The fitted parameters can be found in Table A3.4, and the upper and
lower bounds imposed on each parameter during the fitting are summarised in Table A3.2. The virial
equation provides a reasonable fit of the data, however, it is unable to account for competitive
adsorption when used in process modelling, and is often difficult to implement due to the need for the
equation to be solved numerically as it returns pressure as a function of loading, rather than the

conventional loading as a function of pressure. As a result, the CP isotherm model I propose is likely

the most appropriate method to use thus far to represent my measured data.

5.2.2.2 N, Ar, and O; sorption

I measured N, sorption isotherms up to 1 bar for Lewatit and Purolite at 15 °C, 25 °C, and 35
°C (Figure 5.6, desorption shown in Figures A3.9a and A3.9b), as well as Ar and O; isotherms up to 1
bar at 25 °C (Figure 5.6, desorption shown in Figures A3.9¢ and A3.9d). These are all gases present in
air at higher concentrations than CO,. They may be competitive for CO, adsorption sites or adsorb on
the backbone and impact the achievable product purity. The desorption data shown in Figure A3.9
exhibits an irregular pattern which I attribute to the low loading levels, which are on the same order of

magnitude as the error of the porosity analyser.
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Figure 5.6. Equilibrium adsorption isotherms for N (squares) measured at 15, 25, and 35 °C, and for
Ar (diamonds) and O» (triangles) at 25 °C up to 1 bar for a) Lewatit and b) Purolite. Solid lines represent

the SSL isotherm fitting results (fitting parameters can be found in Table 5.5).

Compared to CO, adsorption, the N», Ar, and O, adsorption levels are almost negligible. The
SSL isotherm model shown below in equation (5.10) can be used to represent the N, isotherm
experimental data and the fitting parameters are reported in Table 5.5,

_ Goo'b(T)-P
T 1+b(T)P (5.10)

where ¢. is the maximum CO; capacity, b(7) is given by equation (5.5), n is the loading, P is the
pressure, and 7 is the temperature. Upper and lower bounds imposed on each parameter during the
fitting are summarised in Table A3.2. Interestingly, both Lewatit and Purolite are O selective compared
to N2, where many traditional adsorbents such as zeolites have the opposite performance. Although their
O, adsorption capacities are low, these materials may have potential applications in air separation where
it would be more energy and cost effective to adsorb O (21%yer in air) vs. N (78%y, in air). To the
best of my knowledge, O, isotherms have not been previously measured for Lewatit and so this
characteristic was not observed. In addition, the O, isotherm on Purolite at 25 °C does not appear to
intersect the origin. This may be an indication for degradation of, or reaction with, the amine
functionalisation of the sorbent. It also aligns with the impact of oxidative degradation of the amines on

CO; capacity, discussed in Section 5.2.2.1.

90



Table 5.5. Fitting parameters with uncertainty bounds for a 95% confidence interval for the SSL

isotherm model for N, adsorption for Lewatit and Purolite.

Equation Parameter Unit Lewatit Purolite

SSL G mmol g! 0.31479 £ 0.00379  0.041908 + 0.000247
by (x10) bar™! 5.0560 = 0.0618 75.574 £ 0.049
-AU kJ mol! 20.304 +0.030 18.650 +0.016

5.2.2.3 H>O sorption

I measured the H>O adsorption and desorption isotherms for Lewatit and Purolite at 15 °C up

to 0.016 bar, and at 25 °C and 35 °C up to 0.023 bar (Figure 5.7). Water adsorption behaviour is

particularly important to understand for amine-functionalised adsorbents as the presence of H,O from

relative humidity in the air is known to increase the CO, uptake of these materials as well as minimise

amine degradation [12, 159, 238]. While directly measuring CO,-H,O co-adsorption isotherms is ideal,

it remains experimentally challenging; for this study I chose to only measure unary water sorption

1sotherms.
16 16
a) | Lewatit, H,0 ———=—— b) Purolite, H,0O e
14 4 15°C 25°C 35°C 14 4 15°C 25°C 35°C
12 12
o ] =}
5 104 5 101
g IS
E 8/ E 8-
o o
= =
= 6 i 6 -
S ] S
4 41 R
) v v ‘v v
4 v ] A A
’ R A ' 2 Sl vv"va'v'w
4 N "wwv‘,wv st
0 ‘m T T T 04 T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.005 0.010 0.015 0.020 0.025

Pressure (bar)

Pressure (bar)

Figure 5.7. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms for

H>O measured at 15 °C up to 0.016 bar, and 25 °C and 35 °C up to 0.023 bar for a) Lewatit and b)

Purolite.
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The water adsorption behaviour of both resins follows a Type Il isotherm behaviour according
to IUPAC classification [75], which represents unrestricted multilayer adsorption on macroporous
materials. When the loading data is plotted against the adsorption potential, €, given by:
€= —R-T-In(x) (5.11)
where R is the universal gas constant, T is the temperature, and x is the relative pressure, the results
collapse on to a characteristic curve typical of non-microporous adsorbents (Figure A3.10) [239].

I used the Guggenheim—Anderson—de Boer (GAB) model to fit the experimental data as a function of

relative pressure for both materials, as used by Young et al. for Lewatit [150]. The model is as follows:

n= (1—k-x§12.f.(cc.f1)-k-x) (5.12)
c = exp (%) (5.13)
k = exp (F=Fer) (5.14)
E, = C—exp(D-T) (5.15)
E, o=F+G-T (5.16)

Eioy = —44.38-T + 57220 (5.17)

where n is the water loading on the resins, x is the relative pressure, ¢g» is the water loading of the
monolayer, and k and c are affinity parameters governed by the heats of adsorption of the first (£,),
second to ninth (£>.9), and tenth and higher (£;9+) layers of adsorbed water. E;g+ is also equivalent to
the heat of condensation of water, and C, D, F, and G are constants to be fitted.

The fitting results are shown in Figure 5.8 and the fitting parameters are reported in Table 5.6,
while the upper and lower bounds imposed on each parameter during the fitting are summarised in
Table A3.2. A comparison of my adsorption data obtained at 25 °C with that obtained by Young et al.
[150] is shown in Figure A3.11a and we observe good agreement between the two data sets. An overlay
of their fitted isotherm parameters (Table A3.5) with my experimental data is also shown in Figure
A3.11b. Their parameters reasonably fit my measured 35 °C data, but deviate from my data at 15 and
25 °C. This could be because Young et al. fitted their parameters to experimental data collected at a

wider and higher temperature range, from 25 °C to 100 °C.
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Figure 5.8. Equilibrium adsorption isotherms for H>O measured at 15 °C, 25 °C, and 35 °C as a function
of relative humidity for a) Lewatit and b) Purolite. Solid lines represent the GAB isotherm fitting results

(fitting parameters can be found in Table 5.6).

Table 5.6. Fitting parameters with uncertainty bounds for a 95 % confidence interval for the GAB

isotherm model for H,O adsorption for Lewatit and Purolite.

Equation Parameter Unit Lewatit Purolite
GAB qm mmol g’! 3.2245 + 0.0268 7.7526 +£0.0679
C kJ mol! 46.832 + 0.042 45.794 £ 0.0367
D K-! 0.024457 + 0.000082 0.024412 + 0.000076
F kJ mol! 53.306 +0.011 52.522+0.012
G kJ mol ! K-! -0.032677 £ 0.000039 -0.031085 + 0.000042

5.2.2.4 Isosteric heats of adsorption

I calculated the limiting heat of adsorption (Table 5.7), as well as the heat of adsorption as a
function of loading (i.e. isosteric heat of adsorption), of CO», N, and H,»O for both Lewatit and Purolite
(Figure 5.9). The intermediate results obtained during calculation of the limiting heats of adsorption are
presented in Figures A3.12 to A3.17. Confidence intervals associated with the heat of adsorption as a
function of loading calculations are presented in Figures A3.18 and A3.19, along with additional data
calculated using alternative isotherm temperatures for CO,. The smoothing parameter values applied

for each adsorbent-adsorbate combination are presented in Table A3.6. The heats of adsorption serve
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as inputs in process models and link to the energy requirements for desorption in a DAC process, where
a higher heat of adsorption implies higher energy needed to regenerate the adsorbent. Both materials
have high CO; heats of adsorption characteristic of chemisorbents. At the loading levels corresponding
to 0.4 mbar CO,, Lewatit and Purolite have heats of adsorption of ~ 81 kJ mol™ and 69 kJ mol,
respectively. The data presented in Figure 5.9a was obtained using the 60, 70, 80, and 120 °C CO,
isotherms. The isosteric heats of adsorption calculated using the lower temperatures of 15, 25, and 35
°C are shown in Figure A3.18 and show an eventual transition to the physisorption range, commonly

said to be below 50 kJ mol.

Table 5.7. Limiting heats of adsorption of CO,, N», and H,O for Lewatit and Purolite with uncertainty

bounds for a 95% confidence interval.

Lewatit Purolite
-AHy, CO, (kJ mol ™) 107 + 8 104+ 9
-AHy, N2 (kJ mol ™) 16 +8 13+13
-AHy, H,O (kJ mol™) 49 + 29 50+42
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Also characteristic of many chemisorbents, both materials exhibit low N heats of adsorption
of ~ 20 kJ mol!. The N heat of adsorption stays relatively constant as a function of loading, indicating
homogenous coverage of the adsorbent surface. For H>O, the heat of adsorption steeply decreases from
60 kJ mol! between 0 to 0.5 mmol g loading, before plateauing at approximately 40 kJ mol™!, which
is close to the heat of condensation of water of 44.0 kJ mol! at 25 °C given by equation (5.17) and
corroborated by NIST [240]. This trend possibly reflects two different sorption mechanisms consisting
of a monolayer of resin — H,O interactions, followed by multilayers of HO — H>O interaction.

To test this hypothesis, the heats of adsorption associated with monolayer formation can be
calculated using equation (5.15) and the fitted parameters provided in Table 5.6, and are ~ 45.4 kJ mol
"'and 44.3 kJ mol™! for Lewatit and Purolite, respectively. From Figure 5.9¢, the H,O loadings associated
with these heats of adsorption, i.e. the supposed monolayer loadings, are ~ 0.44 mmol g and 0.73
mmol g' for Lewatit and Purolite, respectively. These values can then be used to estimate a
corresponding surface area (S) for Lewatit and Purolite using equation (5.18) [75]:

S=q-Ny-04 (5.18)

where ¢ (in mmol g!) is the H>O loading corresponding to the selected heat of adsorption (in kJ mol™),
N4 is Avogadro’s constant, and o4is 11.130 A2, i.e. the cross-sectional area of a water molecule. From
this calculation, the surface areas for Lewatit and Purolite are 28 m? ¢! and 46 m? g”!, respectively. For
Lewatit, this value corresponds well with the BET area of 32 m? g'! calculated using N, sorption at -
196 °C, while for Purolite there is a larger discrepancy with the previously measured value of 29 m? g
!, Overall, the proposal of a monolayer of resin — H,O interactions followed by multilayers of HO —
H,O interaction does not seem unreasonable based on these calculations, though different types of
surface features on the resins could be another possible explanation for the shape of the heat of

adsorption curve.”
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5.3 Conclusions

In this study, I have endeavoured to experimentally determine as many of the physicochemical
and equilibrium sorption properties needed for process scale evaluation of DAC adsorbents as possible
for Purolite A110, a commercially available amine-functionalised polymeric resin, and compared its
properties to that of Lewatit VP OC 1065, a current benchmark adsorbent for DAC. Lewatit and Purolite
have similar chemical features, specific heat capacities, thermal stability, and skeletal density. Purolite
has lower bed and pellet density than Lewatit, and higher total pore volume and porosity. In terms of
its gas sorption performance, Purolite has a higher gravimetric and volumetric CO, adsorption capacity
than Lewatit, attributed to its higher N content, as well as higher H,O adsorption, while both materials
have low and comparable adsorption of N>, Ar, and O». Purolite has a lower CO; heat of adsorption
compared to Lewatit and similar H,O heat of adsorption. This trend suggests potentially lower energy
requirements for desorption and thus lower process operating costs but this will ultimately depend on
actual loadings. I also proposed an empirical CO, sorption isotherm model combining chemisorption
and physisorption terms. The model fitted the data well and could be used for numerical expression of
the sorption isotherms. Based on the data I have collected, I propose that Purolite A110 is indeed a
suitable adsorbent for DAC. With this work, I hope I have provided the adsorption community with the
necessary information to conduct initial process scale modelling and optimisation to assess the process
performance of Purolite for adsorption-based DAC and continue to advance the development and scale-

up of this technology.
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Chapter 6: Physicochemical properties, equilibrium adsorption
performance, manufacturability, and stability of TIFSIX-3-Ni for direct
air capture

The work and discussions in this chapter were previously published by the thesis author in Energy and

Fuels [2].

6.1 Introduction

While polymers are often investigated in DAC process studies, another class of adsorbent which
has received a lot of attention for DAC are metal organic frameworks (MOFs). In fact, 25% of recent
DAC adsorbent studies are focused on these materials [10]. Amongst these, ultramicroporous MOFs,
i.e. MOFs with pores smaller than 0.7 nm [107], are often highlighted. Their small pore sizes and
chemical nature allow for high CO, adsorption capacity at the relevant low pressures (> 1.0 mmol g!
at 0.4 mbar CO; and 25 °C) and limited N, adsorption, as well as lower CO» heat of adsorption than
many amine-functionalised chemisorbents. Notable ultramicroporous MOFs reported for DAC include
NbOFFIVE-1-Ni, SIFSIX-3-Cu, SIFSIX-18-Ni-p, TIFSIX-3-Ni, TIFSIX-3-Co, GeFSIX-3-Ni, WO,F;-
1-Ni, and FJI-H38 [107-109, 128, 241-244]. Recent reviews by Zhang et al. [245] and Bose et al. [246]
provide a comprehensive overview of these, and other MOF adsorbents for DAC.

Amongst ultramicroporous MOFs, TIFSIX-3-Ni is a particularly promising candidate
adsorbent for DAC. It is formed of a grid-like framework of Ni nodes joined together by pyrazine
organic linkers and TiFs anion pillars, with a pore size of 0.325 nm [247], defined as the diagonal F-F
distance across a channel [246]. TIFSIX-3-Ni was first studied for DAC in 2017 by Kumar et al. [107].
They reported a high CO, adsorption capacity of 1.1 mmol g at 0.4 mbar and 25 °C, a moderate CO,
heat of adsorption of 50 kJ mol™!, and minimal loss in BET area and CO» adsorption performance after
exposure to 75% relative humidity (RH) at 40 °C for 14 days. Volumetric CO, adsorption isotherms
measured at 0, 10 and 25 °C, and a N, adsorption isotherm measured at 25 °C were also reported, though
no isotherm model fitting was conducted. Mukherjee et al. [128] also reported a gravimetric H.O
adsorption isotherm measurement at 25 °C. In addition, they conducted dynamic column breakthrough

(DCB) measurements for TIFSIX-3-Ni using both dry and humid CO, at 1 mbar and 3 mbar balanced
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with N,, where they observed a significant decrease in CO, adsorption capacity in the presence of
humidity. However, Ullah et al. [247] reported slow H»O kinetics in comparison to CO, from their DCB
experiments and that shortened adsorption cycles would allow for ~ 90% retention of the dry CO»
adsorption capacity. They further elucidated the CO,-H>O co-adsorption mechanisms using in-situ
spectroscopy and molecular simulations, proposing that CO, and H,O can occupy the same
ultramicropore at low water loadings, up to a maximum of one CO; molecule and three H,O molecules.
At higher water loadings however, an energetically favoured water network will form with four H,O
molecules in one ultramicropore and displace COx.

TIFSIX-3-Ni also seems to be promising in terms of its manufacturability and scalability. Its
synthesis is relatively straightforward and does not require the use of hydrofluoric acid as a precursor,
unlike other ultramicroporous MOFs such as NbOFFIVE-1-Ni [109]. However, the presence of Ni in
the material still poses serious toxicity risks for chemical manufacturers, plant operators, and the
environment. A disclosure by the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) has documented the synthesis of up to 65 g of powdered TIFSIX-3-Ni to be used in a MOF-
polymer nanocomposite coating for application in a DAC adsorption unit [248]. CSIRO termed this
nanocomposite technology “Airthena” and conducted a pilot-scale demonstration of their DAC unit
where they captured 8 kg of CO; from ambient air over 2680 cycles [248, 249]. The company MOF
Technologies (now known as Nuada) previously sold TIFSIX-3-Ni in both powder and shaped form,
though no further details are currently available. [250, 251]. Kearns et al. [18] produced 3D printed
monoliths of TIFSIX-3-Ni mixed with graphite and bentonite, and also proposed an improved synthesis
of TIFSIX-3-Ni powder using a lower-cost nickel hydroxide precursor instead of anhydrous nickel
carbonate. Warfsmann et al. [252] had also previously reported a thin-film synthesis of TIFSIX-3-Ni.
Despite many promising studies on TIFSIX-3-Ni, this MOF has not yet been widely considered in DAC
process modelling and optimisation studies. This is due to the unavailability of key properties for
TIFSIX-3-Ni such as its density, porosity, specific heat capacity, and isotherm model fitting parameters
for CO,, N», and H,O. Isotherms for other gases present in air which may compete with CO, such as
O; and Ar, have also not been measured. Besides, the previous studies highlighted above present some
discrepancies regarding the effect of moisture on TIFSIX-3-Ni stability and performance.
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Therefore, in this study, I aim to report as many of the physicochemical and equilibrium
adsorption properties for TIFSIX-3-Ni as possible, to facilitate process-scale evaluation of the adsorbent
for DAC. These include: physical properties such as the skeletal, pellet, and bed density; thermal
properties such as the specific heat capacity and thermal stability; textural properties such as micropore
and total pore volume, BET area, and pellet porosity; and adsorption properties including Ar and O,
isotherms at a single temperature, and CO,, N, and H,O isotherms at multiple temperatures. Where
isotherms at multiple temperatures are measured, I determined isotherm model fitting parameters and
heats of adsorption. I also assessed the practicality of using this adsorbent in a DAC process by studying
its manufacturability in terms of reproducibility and binderless shaping, as well as investigating its

stability to different process conditions such as humidity and cyclic adsorption.

6.2 Results and discussion

6.2.1 Physicochemical properties

The X-ray diffraction (XRD) patterns of ground NiTiFs crystals, TIFSIX-3-Ni precursor
powder, and the final TIFSIX-3-Ni powder (Figure 6.1a) match those reported in the literature [107,
253] (Figure A4.1) and suggest the successful synthesis of the final TIFSIX-3-Ni sample. Images of
these compounds are shown in Figure A4.2. I then used N, adsorption at -196 °C to assess its porosity
(Figure 6.1b), revealing a total pore volume of 0.50 cm? g'!, a micropore volume of 0.11 cm? g'!, and a

BET area of 264 m?* g,
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Figure 6.1. a) XRD patterns of NiTiFg, TIFSIX-3-Ni precursor, and final TIFSIX-3-Ni. b) N2 adsorption
(filled symbols) and desorption (open symbols) isotherms at -196 °C, ¢) TG curve under N, atmosphere

up to 900 °C, and d) specific heat capacity as a function of temperature for TIFSIX-3-Ni.

To determine the thermal stability of TIFSIX-3-Ni, which influences the maximum temperature
that can be used for regeneration of this material in a DAC process, I conducted thermogravimetric
analysis (TGA) with a N, flow up to 900 °C. From Figure 6.1c, we see that water desorbs from the
sample up to 150 °C, after which there is no further mass loss until 230 °C, when the crystal structure
begins to degrade. The results correspond with those reported by Kumar et al., who reported a thermal
stability up to 280 °C in a N, atmosphere [107].

I also used differential scanning calorimetry (DSC) to determine the specific heat capacity of

TIFSIX-3-Ni between 25 °C to 160 °C (Figure 6.1d), i.e. a range of temperatures relevant to a DAC
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process. The specific heat capacity relates to the energy input required for sensible heating of the
adsorbent during regeneration, where a higher specific heat capacity indicates that the adsorbent
requires more energy to be heated to a given temperature. This property is a necessary input in process
modelling and was not previously reported for TIFSIX-3-Ni. The specific heat capacity of TIFSIX-3-
Ni ranged from 1.06 to 1.25 J g! °C! (derived from the heat flow curves shown in Figure A4.3). This
is comparable to the specific heat capacity reported for SIFSIX-3-Ni (1.07 J g °C ') [254], which has
the same crystal structure as TIFSIX-3-Ni with Si atoms in place of Ti.

The experimental data can be modelled using equation (6.1) [198]:

cp=a-(T+27315)"2+b- (T +273.15) — ¢ (6.1)

where ¢, is the specific heat capacity, 7 is the temperature (in °C), and a, b, and c are fitted parameters
with values and uncertainty bounds of 1.077 = 0.004 x10° J °C g, 5.65 £ 0.02 x103 J g °C2, and
1.773 + 0.008 J g! °C’, respectively. The increase in ¢, as the temperature decreases below
approximately 60 °C is opposite to the expected trend. This “anomaly” has been observed in ZIF-8 and
was associated to flexibility in its crystal structure due to linker rotation [255]. The possibility of

flexibility in the crystal structure of TIFSIX-3-Ni is further discussed in Section 6.2.3.2.

6.2.2 Equilibrium adsorption properties

6.2.2.1 CO; adsorption

I measured equilibrium CO; adsorption and desorption isotherms up to 1 bar for TIFSIX-3-Ni
powder at 15, 25, 35, 60, 70, 80, and 120 °C (Figure 6.2a). I confirmed equilibrium was reached for
these analyses by measuring the isotherms at 35 °C using 60 s and 90 s as the equilibrium interval and
observing no change in the results (Figure A4.4). According to Ullah et al. [247], the CO, capture
mechanism in TIFSIX-3-Ni is that one CO, molecule fits within the cavity of a single unit cell cage,
giving a theoretical maximum gravimetric CO; loading for TIFSIX-3-Ni of 2.6 mmol g™ (see Appendix
4 for details). At 0.4 mbar, which is representative of the CO, feed stream for a DAC process, and at an
adsorption temperature of 25 °C, TIFSIX-3-Ni has a gravimetric CO; adsorption capacity of 1.11 mmol

g!. This is very similar to the value reported by Kumar et al. (1.05 mmol g') [107] and is higher than
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the gravimetric CO; adsorption capacity measured at the same conditions for Lewatit VP OC 1065 (0.95

mmol g ) [1], a current benchmark adsorbent for DAC.
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Figure 6.2. a) CO, equilibrium adsorption (filled symbols) and desorption (open symbols) isotherms
measured at 15, 25, 35, 60, 70, 80, and 120 °C up to 1 bar for TIFSIX-3-Ni powder. b) CO; equilibrium
adsorption isotherms shown with a log-scale of pressure measured at 15, 25, 35, 60, 70, 80, and 120 °C
up to 1 bar for TIFSIX-3-Ni powder. Solid lines represent the fitting results from the DSL isotherm

model, whose fitting parameters are found in Table 6.1.

The isotherms of 15 °C, 25 °C, and 35 °C seem to converge at the same saturation capacity at
1 bar, and the same can be observed for the 60, 70 and 80 °C isotherms. This convergence of CO,
isotherms can also be observed in the isotherms reported by Kumar et al. in their supplementary
information [107]. Interestingly, the CO, loadings at 1 bar for the 15 °C, 25 °C, and 35 °C isotherms
are all ~ 2.2 mmol™ g!, and those of the 60 °C, 70 °C, and 80 °C isotherms are ~ 2.0 mmol g'. Both of
these values are below the maximum theoretical loading of 2.6 mmol g''. I hypothesised that this could
be due to defects in the crystal structure and/or impurities in the sample which would decrease the
number of adsorption sites for CO;. I performed X-ray photoelectron spectroscopy (XPS) analysis on
as-synthesised TIFSIX-3-Ni to investigate this and identified a non-negligible presence of oxygen in
my sample (Table A4.1, approx. 5 at%). Deconvolution of the O 1s, N 1s, Ti 2p, and Ni 2p core levels

(Figure A4.5) suggested the presence of NiO/Ni(OH), and TiO»/TiOF, species and interaction of
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oxygen with the pyrazine linker [256, 257], perhaps due to surface oxidation of the TIFSIX-3-Ni sample
during synthesis, storage, and/or handling. Indeed, Barsoum et al. recently reported the presence of
nickel oxide nanolayers on SIFSIX-3-Ni (the silicon analogue of TIFSIX-3-Ni) after exposure to
humidity, though these were at different conditions (70 °C and 80% RH) than those that would be
experienced by my sample during synthesis and/or storage [258]. No anomalies were observed in the C
Is and F 1s spectra.

To enable the use of the adsorption data in process models, I fitted the experimental CO;
isotherms using isotherm model equations using the dual-site Langmuir (DSL) isotherm model shown

below in equations (6.2) to (6.4):

__ Qqs1'b1(T)'P | qsp'b(T)P
n= 1+b4(T)-P + 1+b,(T)-P (6.2)

b1(T) = bo,*exp () (6.3)
by(T) = by, - exp (—22) (6.4)

where T is the temperature, P is the pressure, ¢, and g2 are the maximum CO; capacities, b;(7) and
b>(T) are the CO, adsorption coefficients defined by constants by ; and by> and the internal energy
change during adsorption AU; and AU, respectively, and R is the universal gas constant. The fitting
results are shown in Figure 6.2b, with the fitted parameters and corresponding uncertainty bounds found
in Table 6.1. The lower and upper bounds applied on each parameter during the fitting process are

summarised in Table A4.2.
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Table 6.1. Fitting parameters with uncertainty bounds for a 95% confidence interval for the DSL, SSL,

and UNIV6 isotherm model for CO», N>, and H,O adsorption on TIFSIX-3-Ni, respectively.

Adsorbate Equation Parameter Unit TIFSIX-3-Ni

CO; DSL s mmol g! 0.38737 + 0.02037
bo, (x10”) bar™! 3.4932 £0.4670
-AU; kJ mol! 29.256 + 0.360
gs2 mmol g’! 1.8730 + 0.0085
bo> (x107) bar™! 1.2200 + 0.0355
-AU; kJ mol! 59.798 £ 0.079

N, SSL qs mmol g’! 1.7934 + 0.0059
by (x10) bar! 1.9277 + 0.0069
-AU kJ mol! 21.175+0.009

H.O UNIV6 gs mmol g’! 79.519 £ 1.780
a; - 0.069935 + 0.003326
az - 0.62604 + 0.02311
o3 - 0.022151 +0.004976
&1 kJ mol! 45.444 + 1.089
&2 kJ mol! 33.169 £ 0.092
&3 kJ mol! 37.485+0.201
&4 kJ mol! 31.471 £0.243
mj kJ mol! 2.6902 + 0.6773
m; kJ mol! 0.59117 +0.04319
ms kJ mol! 0.056502 +0.141182
my kJ mol! 2.8646 +0.1485
K (x10) bar! 3.6905+£0.1113

Interestingly, the single-site Langmuir (SSL) isotherm model did not accurately represent the
experimental data (Figure A4.6 and Table A4.3), particularly at the higher pressures and lower
temperatures. This suggests additional binding sites for CO; other than within the cavity of a unit cell
cage as previously reported [247], which would support my previous hypotheses of the presence of

defects, the presence of oxides of Ni and/or Ti, and/or the flexibility of the crystal structure.
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6.2.2.2 N>, Ar, and O; adsorption

I measured N, adsorption and desorption isotherms up to 1 bar for TIFSIX-3-Ni powder at 15
°C, 25 °C, and 35 °C, as well as Ar and O, adsorption and desorption isotherms up to 1 bar at 25 °C
(Figure 6.3, desorption data in Figure A4.7). N2, Ar, and O, are more abundant than CO- in air and could
compete for CO; adsorption sites. For TIFSIX-3-Ni, the adsorption levels of all three gases are very
low compared to CO,, with N> showing slightly higher adsorption compared to Ar and O, at the same
temperature. However, these adsorption levels are a magnitude higher than those observed for Lewatit
VP OC 1065 [1]. As a result, the CO; selectivity of TIFSIX-3-Ni is likely lower than that of the resin,
which is not unexpected when comparing a physisorbent to a chemisorbent. I used the SSL isotherm

model shown below in equation (6.5) to represent the measured N, isotherm data:

_ qsb(T)-P
n= 1+b(T)-P (6.5)

where # is the loading, P is the pressure, 7 is the temperature, g, is the maximum CO; capacity, and
b(T) is given by equation (6.3). The fitting parameters and corresponding uncertainty bounds are
reported in Table 6.1, while the lower and upper bounds applied on each parameter during the fitting

process are summarised in Table A4.2.
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Figure 6.3. N> equilibrium adsorption isotherms for (squares) measured at 15 °C, 25 °C, and 35 °C,
and Ar (diamonds) and O (triangles) equilibrium adsorption isotherms measured at 25 °C up to 1 bar
for TIFSIX-3-Ni. Solid lines represent the fitting results from the SSL isotherm model, whose fitting

parameters are found in Table 6.1.
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6.2.2.3 H>O adsorption

I measured H»O adsorption and desorption isotherms for TIFSIX-3-Ni powder at 15 °C up to
0.016 bar (94% RH), and at 25 °C and 35 °C up to 0.023 bar (73% RH and 41% RH, respectively)
(Figure 6.4). I note that I measured these H>O isotherms on a different batch of TIFSIX-3-Ni, denoted
by the grey colour scheme instead of purple, as compared to all previous measurements up to this point.

Differences in batches of TIFSIX-3-Ni are discussed later in Section 6.2.3.1.
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Figure 6.4. a) H>O equilibrium adsorption (filled symbols) and desorption (open symbols) isotherms
measured at 15 °C, 25 °C, and 35 °C for TIFSIX-3-Ni as a function relative humidity. b) H,O
equilibrium adsorption isotherms measured at 15 °C, 25 °C, and 35 °C as a function of absolute pressure
in bar. Solid lines represent the UNIV6 isotherm model fitting results determined from using the 15 °C,
25 °C, and 35 °C experimental data in the fitting process, while dashed lines represent the fitting results
using only the 15 °C and 25 °C experimental data. Fitting parameters are found in Table 6.1 and Table

A4.5, respectively.

TIFSIX-3-Ni has almost three times higher H,O loading compared to Lewatit at 25 °C and 70%
RH [1], and displays an unusual step-wise adsorption behaviour at all temperatures along with severe
hysteresis demonstrating irreversible adsorption. This step-wise adsorption was observed previously by
Mukherjee et al. [128], but desorption data was not measured. They reported slightly lower loading at

25 °C (~ 13 mmol g'at 0.025 bar, i.e. 79% RH) and only observed a single step at ~ 0.008 bar (i.e. 25%
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RH). They also reported a step decrease in the H>O loading after 0.025 bar, a humidity level I was not
able to measure up to with the Micromeritics 3Flex porosity analyser.

According to Ullah et al. [247], four H,O molecules can fit within the cavity of a single TIFSIX-
3-Ni unit cell cage, leading to a theoretical maximum H,O loading of 10.5 mmol g!. However, from
Figure 6.4, the adsorption isotherms measured at all temperatures exceed this value. Furthermore, the
data measured at 35 °C does not overlay with those measured at 15 °C and 25 °C when the loading data
is plotted as a function of the relative humidity (Figure 6.4a), as well as the adsorption potential € [239]
(Figure A4.8), given by equation (6.6):
€= —R-T-In(x) (6.6)
where R is the universal gas constant, T is the temperature, and x is the relative pressure. These
observations (i.e. unusual step-wise adsorption, hysteresis, exceeding the theoretical H>O loading, and
apparent disagreement of the 35 °C isotherm) again suggest that the TIFSIX-3-Ni sample may have
flexibility/defects in its crystal structure, and/or be degrading upon exposure to H,O, both of which
have recently been observed for SIFSIX-3-Ni [258]. A more thorough investigation of the H,O
interaction with, and H»O stability of, TIFSIX-3-Ni is discussed in Section 6.2.4.1.

According to the [UPAC classification [75], the step-wise H,O adsorption behaviour follows that of a
Type VI isotherm. This can be modelled using the universal adsorption isotherm model for a Type VI

isotherm reported by Ng et al. [259]:

n=(qs* Li14;" ([1 + exp (w)]_l) (6.7)

m i

a,=1—a;—a, —a; (6.8)
where 7 is the loading, T is the temperature, P is the pressure, g is the saturation capacity, K is the
adsorption equilibrium constant, ¢; are probability factors, ¢; is the adsorption energy site with maximum
frequency, m; is the surface heterogeneity, and R is the universal gas constant. From here on, I refer to
this model as the UNIV6 isotherm model.

Figure 6.4b shows the fitted results from using the isotherm data measured at all three
temperatures for the fitting process, as well as using only the 15 °C and 25 °C isotherm data to obtain

the fitting parameters. The first method provides a relatively good fit for the experimental data at all
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three temperatures, although the presence of the third adsorption step for 15 °C and 25 °C is not
captured. The latter procedure provides an excellent fit of the experimental data at 15 and 25 °C, but
underestimates the loading at 35 °C. This is not unexpected given that the 35 °C loading data did not
overlap with the 15 °C and 25 °C data when plotted against the relative humidity and adsorption
potential as discussed previously. Overall, the fitting parameters obtained using all three temperatures
would be more representative of the experimental data for process modelling, and these are reported in
Table 6.1 along with their corresponding uncertainty bounds. The lower and upper bounds applied on
each parameter during the fitting process are summarized in Table A4.4. The fitting parameters and
corresponding uncertainty bounds obtained using only the 15 °C and 25 °C isotherm data are presented
in Table A4.5, along with the lower and upper bounds applied on each parameter during the fitting

process.

6.2.2.4 Heats of adsorption

I calculated the CO,, N, and H»O heats of adsorption as a function of loading (i.e. isosteric heat
of adsorption), as well as the limiting heats of adsorption (Figure 6.5), for TIFSIX-3-Ni. These
parameters are necessary inputs in process models and relate to the energy required for adsorbate
desorption in a DAC process, where a higher heat of adsorption means higher desorption energy needed.
Confidence intervals linked to the isosteric heats of adsorption calculations are presented in Figure
A4.9, along with results determined using an alternative set of isotherm temperatures for CO;. The
smoothing parameter values used for each gas are presented in Table A4.6. The intermediate calculation

steps for the limiting heats of adsorption are presented in Figures A4.10 to A4.12.
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Figure 6.5. CO,, N,, and H,O isosteric (lines) and limiting (symbols) heats of adsorption for TIFSIX-

3-Ni with the loading plotted on square root scale for clarity.

The CO» isosteric heat of adsorption presented in Figure 6.5 is based on the 60 °C, 70 °C, 80
°C, and 120 °C CO; isotherm data, as calculations done with the 15 °C, 25 °C, and 35 °C isotherms
resulted in large uncertainty bounds at loading levels above ~ 1.7 mmol g, corresponding with the
convergence of the isotherms. At the loading level corresponding to 0.4 mbar CO,, TIFISX-3-Ni has a
heat of adsorption of ~ 56 kJ mol”, which agrees well with the values previously reported in the
literature [107, 128]. This is also significantly lower than the CO, heat of adsorption at the same loading
of Lewatit VP OC 1065 (81 kJ mol™") [1]. The heat of adsorption stays relatively constant up to a loading
of approximately 1.5 mmol g”', indicating the presence of homogenous CO> binding sites, i.e. the cavity
of each cage. Beyond this loading, the heat of adsorption begins to decrease, which corresponds with
the convergence of the isotherms at higher loadings observed in Figure 6.2. This suggests the presence
of additional CO; binding sites of lower energy and correlates with the need to use the DSL model to
fit the CO, experimental isotherm data instead of the SSL model. As discussed previously, these
additional binding sites could be due to defects, the presence of oxides of Ni and/or Ti, and/or flexibility

of the crystal structure.
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For N, TIFSIX-3-Ni exhibits a low and constant heat of adsorption of ~ 20 kJ mol™!, where the
latter indicates homogenous interaction with the adsorbent. This was also observed for Lewatit VP OC
1065 [1]. For H,0, I determined the limiting heat of adsorption to be 50 kJ mol™!, but was unable to
calculate the subsequent isosteric heat of adsorption between 0 mmol g and 3 mmol g™ due to the lack
of experimental data in this range. Between 3 mmol g"' and 6 mmol g the heat of adsorption averages
between 20 kJ mol™! to 25 kJ mol™!, after which it increases to between 30 kJ mol™ to 40 kJ mol™!. This
increase in heat of adsorption corresponds with the loading level at which we observe the first step in
the experimental H>O isotherm data at all temperatures. I note however that there is a large uncertainty
range in the calculated isosteric heat of adsorption for H,O (Figure A4.9), likely associated with the

previously discussed discrepancy between the 35 °C isotherm and the 15 °C and 25 °C isotherms.

6.2.3 Manufacturing considerations
The ability to manufacture consistent batches of TIFSIX-3-Ni, both as powder and in shaped

form should be investigated to understand the deployment potential of this MOF.

6.2.3.1 Batch reproducibility

Lack of batch-to-batch conformity in TIFSIX-3-Ni will impact its materials and adsorption
properties and thereby process performance metrics. To investigate this, we synthesised various batches
of NiTiFs, TIFSIX-3-Ni precursor, and final TIFSIX-3-Ni powder at various times, scales, and using

separate researchers. These details are summarised below in Table 6.2.

Table 6.2. Summary of the synthesis procedure for different batches of TIFSIX-3-Ni.

NiTiFs TIFSIX-3-Ni  TIFSIX-3-Ni TIFISX-3-Ni  Synthesising Synthesis date
batch precursor batch synthesis researcher (NiTiFs / TIFSIX-3-Ni)
batch scale (all)
A 1 1 1 x MYL 01/09/21 / 13/09/21
B 2 2 1 x DD 02/12/21/10/12/21
C 3 3 1 x MYL 02/12/21/10/12/21
A 4 4 4 x MYL 01/09/21/10/12/21
C 5 5 4 x MYL 02/12/21 / 04/05/22

111



The XRD patterns of NiTiFs, TIFSIX-3-Ni precursor, and final TIFSIX-3-Ni samples are
shown in Figure 6.6. The same peaks are present and are not shifted between the different batches of
each material, indicating good reproducibility of the crystal structure. I do note however the presence
of an extra peak at 17° in batches 2 and 3 of TIFSIX-3-Ni, which might be associated to incomplete

conversion of the precursor to the final TIFSIX-3-Ni product.
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Figure 6.6. XRD patterns of synthesised batches of a) NiTiFs, b) TIFSIX-3-Ni precursor, and c) final
TIFSIX-3-Ni.
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Figure 6.7. a) TG curves under N, air atmosphere up to 900 °C, b) N> adsorption isotherms at -196 °C,

and CO; adsorption isotherms at 25 °C with ¢) linear and d) log-scale of pressure (filled symbols are

adsorption; open symbols are desorption) for different batches of TIFSIX-3-Ni.

The N> adsorption data at -196 °C are shown in Figure 6.7b, with log-log scales of pressure and

loading shown in Figure A4.13a, from which I determined the BET areas, micropore volumes, and total

pore volumes. I observed significant variation in these parameters (> 70%) as shown below in Table

6.3. The CO; adsorption at 25 °C results are shown in Figure 6.7c and 6.7d and summarised in Table

6.3. Here, there is a 35% variation between the highest and lowest values of CO, adsorption at 0.4 mbar.

There does not seem to be a correlation between the textural properties of the samples and the CO,

adsorption, as the batch with the lowest BET area, micropore volume, and total pore volume has the

highest CO, adsorption (batch 4), and the batch with the highest BET area, micropore volume, and total
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pore volume has the second highest CO, adsorption (batch 5). This suggests that N> and CO; have

different mechanisms to access the pore structure.

Table 6.3. Summary of the textural properties derived from N, adsorption at -196 °C, and CO»

adsorption at 0.4 mbar and 25 °C for different batches of TIFSIX-3-Ni.

TIFSIX-3-Ni SeET V micropores Votal pores CO; uptake @ 0.4 mbar,
batch (m?2 g™ (em3g?) (em®g™) 25°C (mmol g)
1 213 0.11 0.65 0.79
2 175 0.08 0.42 0.96
3 175 0.08 0.26 0.88
4 62 0.03 0.06 1.21
5 264 0.11 0.50 1.11

Overall, it appears that the crystal structure and thermal stability are reproducible between
different batches of TIFSIX-3-Ni despite different researchers, times of synthesis, and scale, however
there is wide variation in the textural properties and CO; adsorption, which may be linked to the
presence of impurities/defects as highlighted earlier. All the physicochemical and equilibrium
adsorption properties discussed in previous sections were measured using batch 5 TIFSIX-3-Ni with
the results shown in purple, except for the H,O adsorption isotherms which were measured with batch

1 TIFSIX-3-Ni and these results are shown in grey.

6.2.3.2 Pelletisation

TIFSIX-3-Ni is synthesised as a powder, however, adsorbents in this form would not be
practical in an actual process as they would be difficult to handle, and their dense packing would result
in high pressure drop and poor heat and mass transfer. The ability to shape TIFSIX-3-Ni powder into a
structured form such as pellets without significantly affecting its performance for DAC is therefore
another important factor to investigate.
I pelletised TIFSIX-3-Ni powder (batch 5) without any binders by applying a pressure equivalent to ~
37 MPa. This pressure is well below the compression pressure of 340 MPa previously reported to induce

irreversible amorphisation on ZIF-8 [260]. A study by Ribeiro et al. also demonstrated that compression
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pressures of 62 and 125 MPa still allowed the crystallinity of ZIF-8 and MIL-53(Al) to be maintained,
though reductions in the textural properties of ~ 10% and ~ 30% to 40%, respectively, were observed
[261].

The XRD patterns of the as-synthesised TIFSIX-3-Ni powder, intermediate ground powder,
and final pellet are shown in Figure 6.8a. Overall, the crystallinity of TIFSIX-3-Ni appears to be
maintained in pellet form. Yet, most peaks are very slightly left-shifted in the ground powder and pellet
sample compared to the original powder. There is also an additional peak that appears in the ground
powder sample at 32 °, which is then left-shifted in the pellet sample. This could be due to cross-
contamination of the sample during grinding if the marble pestle and mortar used was not properly

cleaned
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Figure 6.8. a) XRD patterns and b) N, adsorption (filled symbols) and desorption (open symbols)
isotherms at -196 °C of batch 5 TIFSIX-3-Ni powder, ground powder, and pellet. ¢) Cumulative pore
volume as a function of pore diameter of TIFSIX-3-Ni pellet, obtained from N> adsorption at -196 °C
(circles) and mercury intrusion porosimetry (triangles). d) CO, adsorption (filled symbols) and
desorption (open symbols) isotherms at 25 °C for batch 5 TIFSIX-3-Ni powder, ground powder, and

pellet, with log-scale of pressure shown in the inset.

The N, adsorption data at -196 °C are reported in Figure 6.8b, with log-log scales of pressure
and loading shown in Figure A4.13b, from which I determined the textural parameters. Grinding of
TIFSIX-3-Ni powder resulted in a 20% decrease in the BET area, micropore volume, and total pore
volume of the sample, while pelletisation resulted in a further 30% to 40% decrease for all three

parameters, with final values of 106 m? g'!, 0.06 cm? g'!, and 0.24 cm? g!, respectively. For pelletised
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samples, macropores contribute significantly to the total pore volume. To account for this, I estimated
the total pore volume of the pelletised sample through a combination of N> adsorption and MIP
measurements as previously done in our group [48] (Figure 6.8c), yielding a total pore volume of 0.44
cm?® g'!. The MIP measurement also provided me with the pellet density, determined to be 0.81 g cm™.
This value is similar to the pellet density of 0.85 g cm™ reported for a binder-free zeolite 13X pellet
[48]. Using these values, I then calculated the bed density, skeletal density, and porosity of the pellet
sample, all necessary inputs in process models. These values, along with the textural properties of the

as-synthesised powder and ground powder samples, are summarised below in Table 6.4.

Table 6.4. Summary of textural properties and densities of TIFSIX-3-Ni powder, ground powder, and

pellet (batch 5), as derived from N, adsorption at -196 °C and MIP measurements.

TIFSIX-3-Ni SeeT Vmicropores Y total pores Pskeletal Ppellet Pbed Epellet
(batch 5) migh) (mlgl) (m'g) (gem?) (zem?) (goem?)

Powder 264 0.11 0.50 - - - -
Ground powder 213 0.09 0.41 - - - -
Pellet 106 0.06 0.44 1.26 0.81 0.58 0.36

For further analysis, I measured CO; adsorption at 0 °C for all three samples to see if this could
facilitate access to the ultramicropores of TIFSIX-3-Ni, as N> at -196 °C may be kinetically restricted
when trying to enter these pores [262]. The measured isotherms are shown in Figure A4.14, and the
calculated textural properties are summarised and compared with that of N, adsorption at -196 °C in
Table A4.7. From the results, CO> can access the same amount of micropores in all three samples at 0
°C, while N, at -196 °C appears to be more restricted in accessing some of the pores in the pellet sample.
Pelletisation may have compressed the sample’s crystal structure and reduced the pore size to an extent
which further hindered N access, but left CO, unaffected. As a result, the BET area determined from
N adsorption decreases from powder to ground powder to pellet, while the BET area determined from
CO; adsorption stays relatively constant for all three samples. However, due to the inability of CO; at

0 °C to probe the larger pores, and the lack of suitable DFT models to calculate the pore size distribution
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and thus total pore volume, I continue to use N> adsorption at -196 °C to assess the textural properties
of TIFSIX-3-Ni throughout this study.

I observed an unusual hysteresis (as well as the beginning of an inflection point) in the CO» 0
°C isotherm in Figure A4.14 for the pellet sample, which might indicate flexibility in the crystal
structure. Other observations discussed previously such as the unusual trend of the specific heat capacity
and the behaviours of the CO, and H,O isotherms also suggested possible flexibility in the crystal
structure. The pyrazine linkers in TIFSIX-3-Ni are only coordinated at one point on each pole, which
would allow a rotational degree of freedom. This was indeed recently reported for SIFSIX-3-Ni [258],
and also previously observed for ZIFs-7, -8, -11, -65, -71, and -90 [255, 263-266].

I tested this hypothesis by performing in-situ XRD measurements of both powder and pellet
samples of TIFSIX-3-Ni under ambient air, then under a flow of N, at room temperature and 160 °C,
and then under a flow of CO; at room temperature to observe how the samples might change at different
stages of a DAC process. Figures A4.15a and A4.15b reveal peak shifts and new peaks under the
different conditions, as well as differences between the powder and pellet sample that were not present
in Figure 6.8a, that could further suggest flexibility or change in the TIFSIX-3-Ni crystal structure.
However, a dedicated investigation involving further measurements at higher pressures or lower
temperatures, as well as structure refinement is needed to draw any quantitative conclusions.

Finally, to assess the impact of pelletisation on the CO, adsorption performance of TIFSIX-3-
Ni, I measured CO; adsorption isotherms at 25 °C up to 1 bar, shown in Figure 6.8d. The results show
that grinding has minimal impact on the CO; adsorption of the sample across the whole pressure range.
Pelletisation causes a ~ 10% decrease in the CO» adsorption capacity at 1 bar compared to the powder,
but there is minimal difference at 0.4 mbar (Figure 6.8d inset). Therefore, while pelletisation seems to
have restricted N, access (at least at -196 °C) within the crystal structure, it has not negatively impacted
COs access at the relevant DAC conditions. Pelletised TIFSIX-3-Ni may therefore have higher CO2/N;
selectivity when compared to its powder form. With a bed density of 0.58 g cm™ and gravimetric CO»
adsorption capacity of 1.07 mmol g at 0.4 mbar and 25 °C, the volumetric CO, adsorption capacity of
pelletised TIFSIX-3-Ni is 0.62 mmol cmyeq at these conditions. This is higher than the volumetric CO»
adsorption capacity of 0.45 mmol cm>yq previously reported for Lewatit VP OC 1065 [1].
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6.2.4 Adsorbent stability under process conditions

Although not a direct input for process modelling, the lifetime of an adsorbent based on its rate
of degradation when subjected to various process conditions, will greatly influence the cost and carbon
footprint associated with adsorbent production and disposal [169]. Factors that could potentially impact
the adsorbent include exposure to humidity, at both ambient and elevated temperatures, and exposure

to multiple adsorption-desorption cycles.

6.2.4.1 Humidity studies
Exposure to H,O only

To understand the stability of TIFSIX-3-Ni to humidity alone without the presence of oxygen,
samples of batch 5 TIFSIX-3-Ni powder were used to measure H»O isotherms at 25 °C, up to 15% RH,
48% RH, and 77% RH, where the latter is the highest relative humidity the Micromeritics 3Flex porosity
analyser can achieve at this temperature (Figure 6.9). These humidity levels correspond to the different
steps observed in the H>O isotherms from Figure 6.4 (obtained with batch 1 TIFSIX-3-Ni), where 15%
RH would be before the first isotherm step, 48% RH would be between the first and second isotherm
step, and 77% RH would be the complete isotherm (after the second step). However, when I measured
the H»O isotherms described above with batch 5 TIFSIX-3-Ni, I only observed one distinct step in the
isotherm and achieved slightly lower loading compared to batch 1, both similar to that reported by
Mukherjee et al. [128]. This observation indicates that the H>O adsorption can vary between different
synthesised batches of TIFSIX-3-Ni, as was also observed with the N> and CO- adsorption in Section
6.2.3.1. I note again the presence of an irreversible hysteresis in these isotherms. The hysteresis is much
more severe when the RH level is beyond that where we observe the first isotherm step, suggesting that

above a certain RH level, the MOF may irreversibly react with water.
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Figure 6.9. Equilibrium adsorption (filled symbols) and desorption (open symbols) isotherms for H,O

measured at 25 °C for batch 5 TIFSIX-3-Ni powder up to 15% RH, 48% RH, and 77% RH.

I then characterised the samples’ crystallinity, textural properties, and CO adsorption and
compared them to that of the as-synthesised sample, as shown in Figure 6.10. I measured XRD patterns
of the samples immediately after the H,O isotherm measurements, i.e. when there should still be
adsorbed water in the sample, and after the same samples were degassed. I then measured N, adsorption
isotherms at -196 °C and CO; adsorption isotherms at 25 °C on these degassed samples. Figure 6.10a
reports the changes in the XRD pattern of all three samples before degassing compared to the as-
synthesised sample. These include a left shift in most peaks such as those originally at 12 © and 26 °,
the presence of additional peaks in the 15 ° to 20 ° range, and the disappearance of peaks in the 37 ° to
40 ° range. These changes are more prominent in the 48% RH and 77% RH samples, i.e. after the step
in the H>O isotherm has occurred. After degassing of the samples, their XRD patterns are very similar
to that of the as-synthesised sample, with all the original peaks still present, though some are now
slightly left-shifted. I also observed a slight colour change in the 48% RH and 77% RH samples as
shown in Table A4.8, while the colour of the 15% RH sample is very similar to that of the as-synthesised
sample. Overall, there appears to be minimal change in the crystal structure of TIFSIX-3-Ni after

exposure to H>O under these conditions and subsequent degassing.
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Figure 6.10. a) XRD patterns, b) N, adsorption isotherms at -196 °C, and CO; adsorption isotherms at
25 °C with c) linear and d) log-scale of pressure (filled symbols are adsorption; open symbols are
desorption) for batch 5 TIFSIX-3-Ni powder before (purple) and after exposure to 15% RH (light navy),

48% RH (medium navy), and 77% RH of H,O (dark navy).

I also performed XPS analysis on the degassed 77% RH sample. Compared to the as-
synthesised sample, there appears to be a slight increase in the oxygen content in the sample (Table
A4.9), and deconvolution of the O 1s and Ti 2p core level suggests an increased presence of oxides of
Ti (e.g. TiO2/TiOF,) [257] (Figure A4.16). No distinct changes were observed for the C 1s, N 1s, F 1s,
and Ni 2p spectra.

The N, adsorption data at -196 °C are shown in Figure 6.10b and Figure A4.17a, from which I
determined the textural parameters summarised in Table 6.5. After exposure to 15% RH, i.e. before the
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first step in the H>O isotherm, TIFSIX-3-Ni experiences a 20% to 30% reduction in its textural
properties. After exposure to 48% RH and 77% RH, i.e. after the step in the H,O isotherm, there is a
more significant reduction in the BET area and micropore volume of the samples of ~ 60%, and a 75%
loss in total pore volume. Hence, despite the XRD patterns suggesting a “recovery” of the initial
crystallinity, it seems that while part of the crystalline structure is maintained/recovered after exposure

to water beyond the H,O isotherm step, another part is lost and leads to a reduced porosity.

Table 6.5. Summary of the textural properties derived from N, adsorption at -196 °C and CO,

adsorption at 0.4 mbar and 25 °C for TIFSIX-3-Ni samples exposed to various stability studies.

Study Sample COllditiOII SBET Vmicropgres Vtota] pores COZ llptake @
(m?’gh (em*g!) (emig') 0.4 mbar, 25 °C
(mmol g)
H>O TIFSIX-3-Ni As-synthesised 264 0.11 0.50 1.11
exposure  batch 5,
powder 15% RH 196 0.08 0.41 1.13
48% RH 109 0.05 0.14 0.94
77% RH 120 0.05 0.13 0.96
H.O TIFSIX-3-Ni  As-synthesised 175 0.08 0.26 0.88
and O, batch 3,
exposure  powder 40 °C, 75% RH 36 0.02 0.05 0.51
air, 14 days
40 °C, 90% RH 49 0.02 0.05 0.47
air, 14 days
Ambient air, 40 0.02 0.05 0.39
6 months
Adsorption TIFSIX-3-Ni  As-synthesised 147 0.07 0.34 0.94
cycling  batch 5, pellet p o o ctic 82 0.04 0.11 0.44

Lastly, from the CO, isotherms shown in Figures 6.10c and 6.10d, I observe reductions in the
CO; adsorption capacity at 1 bar for all three samples, which follows the reduction in porosity. After
exposure to 15% RH, the CO, adsorption capacity decreased by ~ 5% at 1 bar. After exposure to 48%
RH and 77% RH, the CO, adsorption capacity decreased by ~ 20% at 1 bar. The CO; loading at 0.4

mbar is summarised below in Table 6.5, where, despite the changes in the textural properties, I observe
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no significant decrease in the CO, adsorption performance after exposure to 15% RH, and a 15%
decrease after exposure to 48% RH and 77% RH. Mukherjee et al. reported a much more severe
reduction in CO; saturation capacity of ~ 60% from their dynamic column breakthrough tests at 25 °C
under a flow of 3000 ppm CO; and 74% RH [128]. Ullah et al. reported a similar decrease in CO;
adsorption of ~ 70% after temperature-programmed desorption (TPD) experiments conducted at 25 °C
with pure CO, and 75% RH [247]. For both these cases, the comparison was between the CO, uptake
when co-adsorbed with H,O, vs. the CO; uptake under a dry stream. In our experiments, we compared
the single-component CO, adsorption of a sample before and after exposure to pure H,O. Therefore,
while our experiments suggest that the CO, adsorption performance of TIFSIX-3-Ni is recoverable after
exposure to humidity at ambient temperatures, results in the literature suggest that the CO» adsorption
will be more severely limited when co-adsorbed with H,O at similar conditions. In addition, since there
is already a ~ 15% decrease in CO; adsorption capacity at 0.4 mbar for the samples exposed to 48% RH
and 77% RH at 25 °C, it is unlikely that TIFSIX-3-Ni would be able to withstand a steam desorption

process.

Exposure to H;O and O;

To assess the stability of the adsorbent under humid air, TIFSIX-3-Ni powder (batch 3) was
exposed to air environments of 40 °C and either 75% RH or 90% RH for 14 days, or to an ambient air
environment for 6 months. I then characterised the samples’ crystallinity, textural properties, and CO-
adsorption and compared them to that of the as-synthesised sample, as shown in Figure 6.11. I measured
XRD patterns of the samples immediately after their humidity treatment, i.e. when there should still be
adsorbed water in the sample, and after the same samples were degassed. I then measured N, adsorption

isotherms at -196 °C and CO; adsorption isotherms at 25 °C on these degassed samples.
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Figure 6.11. a) XRD patterns, b) N, adsorption isotherms at -196 °C, and CO; adsorption isotherms at
25 °C with c) linear and d) log-scale of pressure (filled symbols are adsorption; open symbols are
desorption) for batch 3 TIFSIX-3-Ni powder before (blue) and after exposure to 40 °C and 75% RH air

for 14 days (yellow), 40 °C and 90% RH air for 14 days (orange), and ambient air for 6 months (red).

From Figure 6.11a, I see distinct changes in the XRD pattern of all three samples, both before
and after degassing, compared to the as-synthesised sample. These changes are different than those I
previously observed for the transition of the TIFSIX-3-Ni precursor to final TIFSIX-3-Ni powder
(Figure 6.6). For the “before degas” samples, there are very noticeable changes including a left shift in
many of the prominent peaks, such as those originally at 12 © and 26 °, the presence of additional peaks
in the 15 ° to 20 ° range, and the disappearance of peaks in the 37 © to 40 ° range. These changes in the

XRD pattern suggest that water and/or oxygen is interacting with and perhaps inserting itself within the
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crystal structure of TIFSIX-3-Ni. Indeed, Barsoum et al. studied the structural changes in SIFSIX-3-Ni
after exposure to 70 °C and 80% RH for 4 days, and reported that H,O was hydrogen bonding to SiFe*
and forming coordination bonds with the Ni sites [258]. After these samples are degassed, the XRD
patterns are more comparable to the as-synthesised sample, however some crystallinity has been lost.
Key changes include the broadening of remaining peaks, and the disappearance of peaks after ~ 30 °.
The observed changes in the XRD pattern for the “after degas” sample exposed to 40 °C and 75% RH
correspond well with those by Kumar et al. [ 107], who had subjected TIFSIX-3-Ni sample to 40 °C and
75% RH for 1, 7, and 14 days.

Along with these structural changes, I observed colour changes in the samples after degassing
under vacuum at 160 °C as shown in Table A4.10, where the new colour is somewhat reminiscent to
that of NiTiF¢ (Figure A4.2), further suggesting a change in the crystal structure/coordination. To
understand this observation better, I performed XPS analysis on the sample exposed to ambient air for
6 months after it had been degassed. Compared to the as-synthesised sample, the oxygen content has
almost doubled (Table A4.9), and there are noticeable shifts in the O 1s and Ti 2p core levels that may
correspond to an increased presence of oxides of Ti (e.g. TiO2/TiOF,) (Figure A4.16). No distinct
changes were observed for the C 1s, N 1s, F Ls, and Ni 2p spectra.

The N, adsorption isotherms shown in Figure 6.11b and Figure A4.17b, indicate a severe
decrease in porosity of all three samples compared to the as-synthesised sample, with a 70% to 80%
decrease in BET areas, micropore volumes, and total pore volumes for all three samples (Table 6.5).
Lastly, the CO; isotherms shown in Figures 6.11c and 6.11d highlight significant reductions in the CO»
adsorption capacity at both 0.4 mbar and 1 bar for all three samples. At 0.4 mbar, I observe a 40% to
55% reduction in the CO, uptake after exposure to all three conditions, with exposure to ambient air for
6 months having the most significant impact (Table 6.5). My observations are not in alignment with the
findings from Kumar et al. [107], who observed “negligible loss in terms of CO, adsorption
performance” after 14 days at 40 °C and 75% RH. However, Barsoum et al. also observed a drastic
reduction in the CO, uptake of SIFSIX-3-Ni after exposure to 70 °C and 80% RH, and suggested that
SiFe> units were being displaced into the pores of SIFSIX-3-Ni which blocked the CO> binding sites
[258].
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Overall, my findings indicate that TIFSIX-3-Ni would not be suitable for DAC processes
implemented in tropical climates with warm temperatures and high humidity. Furthermore, TIFSIX-3-
Ni would likely need to be replaced in a process at a minimum of once every 6 months, as exposure to
ambient air for this period already results in more than a 50% decrease in CO, adsorption capacity of
the sample. In comparison, the lifetime of adsorbents currently used for other industrial separation
processes, e.g. zeolites, silicas, and activated carbons, is 5 to 10 years [267]. However, given the
differences in findings between my work and Kumar et al. [107], it is evident that further work is
required to investigate the performance of TIFSIX-3-Ni in humid air, particularly around the interaction

of water with the crystal structure of TIFSIX-3-Ni and its subsequent impacts.

6.2.4.2 Cyclic studies

During a DAC process, an adsorbent will likely be subjected to multiple cycles of adsorption
at ambient temperatures and desorption at elevated temperatures. The longer an adsorbent can maintain
its CO, adsorption performance under these conditions, the less frequently it will need to be replaced,
leading to lower operation costs. Various desorption methods are currently considered for DAC, such
as temperature swing, steam-assisted temperature swing, and temperature vacuum swing. Here, I
investigated the stability of TIFSIX-3-Ni pellets (batch 5) under multiple cycles of a temperature swing
adsorption process using ambient air. After an initial in-situ activation of the sample at 160 °C under a
flow of ambient air to remove any pre-adsorbed gases, TIFSIX-3-Ni was subjected to 50 cycles of
adsorption at 30 °C for 1 h and desorption at 160 °C for 15 min under a flow of ambient air with varying
humidity (Figure 6.12a) using a thermogravimetric analyser. Including the time needed to increase or
decrease the temperature between 30 and 160 °C, the total time per cycle was 127 min. I chose 30 °C
for the adsorption temperature as this was the minimum temperature which could be accurately
maintained by the instrument. I chose 160 °C for the desorption temperature as this was the temperature
used by Kumar et al. [107] to degas the adsorbent, and which I have subsequently applied for all my
measurements thus far. I chose 1 h and 15 min for our adsorption and desorption times respectively, not

including the time needed to reach the set temperatures, as the majority of adsorption (~ 72%) and
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desorption (~ 89%) could be achieved within this time based on the “long cycle” measurement shown

in Figure A4.18 where saturation of the sample was achieved.
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Figure 6.12. a) Mass change of TIFSIX-3-Ni pellet (batch 5) per gram of activated sample (i.e. sample
mass just before the first cycle) over 50 adsorption-desorption cycles under a flow of ambient air with
varying relative humidity. b) Working capacity of the activated sample (i.e. sample mass just before the

first cycle) and average relative humidity of the ambient air over 50 cycles.

The resulting working capacity of each cycle was calculated as shown in Figure 6.12b, along
with the average relative humidity during each cycle. Since there was not a gas analyser connected to
the TGA to isolate the amount of CO, adsorbed, I can only report the working capacity as an adsorbed
mass per gram of activated sample. Over the first 15 cycles, there is a ~ 10% decrease in the adsorbent’s
working capacity. Then, over the next 20 cycles, there is a ~ 40% increase in the working capacity. This
increase correlates with the increasing relative humidity over these cycles, which would result in higher
H,O adsorption and overall mass uptake by the sample. For the remaining 15 cycles, the relative
humidity stays constant, but there is a ~ 30% decrease in the working capacity. I link this change in the
working capacity to the degradation of the sample. Indeed, when another “long cycle” was repeated on
the same sample after cyclic testing, I observed a 36% decrease in its adsorption capacity under ambient
air (Figure A4.19). In addition, the actual mass of the sample seems to be steadily decreasing overtime
as seen in Figure 6.12a. This could be due to the continued removal of strongly adsorbed moisture, or

more likely is another sign of degradation of the sample.
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My observations contrast with those reported by CSIRO, who observed no CO, capacity loss
in their Airthena DAC pilot-scale demonstrator based on a TIFSIX-3-Ni composite over 2680 cycles
[249]. CSIRO used similar adsorption and desorption times of 1 h and 30 min respectively, however
their desorption was conducted under vacuum at 80 °C, and their air feed stream was pre-dried to ~ 3%
RH at 25 °C. These differences, along with the presence of binder in the Airthena composite, could
account for the enhanced stability observed by CSIRO.

I further characterised the post-cyclic sample by comparing its crystallinity, textural properties,
and CO, adsorption to that of as-synthesised sample. From Figure 6.13a, peaks between 15 ° to 20 ° as
well as after 26 ° have disappeared in the XRD pattern of post-cyclic TIFSIX-3-Ni compared to as-
synthesised TIFSIX-3-Ni, indicating some loss in crystallinity. The N> adsorption data at -196 °C are
shown in Figure 6.13b and Figure A4.17c with the textural parameters in Table 6.5. Here, I observe a
~ 40% decrease in BET area and micropore volume, and ~ 70% decrease in total pore volume. Lastly,
as seen in Figure 6.13c, I observe a significant reduction in the CO, adsorption capacity both at 1 bar
and 0.4 mbar between the two samples. After 50 adsorption-desorption cycles, TIFSIX-3-Ni has
suffered a ~ 50% decrease in its CO» adsorption capacity at 0.4 mbar. There is also a noticeable colour
change in the sample after cycling as shown in the insets in Figure 6.13c, which suggests a change in
the crystal structure/coordination. Here, the sample has changed from a blue colour to a colour

reminiscent of NiTiFe (Figure A4.2).

128



a)
3 r
'-(E— | | ]
> | | L 'I‘.' | |~i
G WW’MLWW Wi Vot o/ i
(0]
= |
|
l |
f
WWWVW
T T T T T T T T
5 10 15 20 25 30 35 40 45
20 (°)
400
b) N,, -196 °C
—_ L
o
=
w o
=300
o
3
2
he) [ )
2 200-
3
L ]
< .
Z100- < d
G @@
[ ]
3 .....-:::..__,.u
G soo®®®
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Pressure (P/P°)
20 0.4 mbar
c) CO,, 25°C
1 i
] "
15+ : o’
‘.‘m :
g I
(]
E 10- o
=3 S
£ .
S o o 009
S l/
0.5
ot
e I
E™ I
I
I
10— -
0.0001 0.001 0.01 0.1 1

Pressure (bar)
» As-synthesised ® Post-cycling

Figure 6.13. a) XRD patterns, b) N2 adsorption isotherms at -196 °C, and ¢) CO, adsorption isotherms
at 25 °C with log-scale of pressure (filled symbols are adsorption; open symbols are desorption) for
batch 5 TIFSIX-3-Ni pellet before (pink) and after post-cyclic testing (bronze). Images of the sample
before and after cycling are shown as insets in c).

129



I note that the BET area and CO, adsorption at 0.4 mbar of the as-synthesised pellet samples
reported in Table 6.5 (147 m? g and 0.94 mmol g!) are different than those previously reported in
Section 6.2.3.2 (106 m? g and 1.07 mmol g!). This is likely due to the difference in sample mass used
for the isotherm measurements, though we attempted to reduce this error by compensating with glass
beads. Remeasuring the as-synthesised sample with the same methodology also allows a relative
comparison between the samples.

Overall, TIFSIX-3-Ni would need to be replaced in a process after fewer than 50 cycles under
these conditions. The lifetime of TIFSIX-3-Ni could likely be extended by using a lower desorption
temperature such as 100 °C, but its working capacity would be reduced. An inert gas or vacuum could
also be used for desorption such as with the CSIRO process, however this would likely add extra cost
to the process. The lifetime of TIFSIX-3-Ni also still would not exceed more than 6 months based on

our findings in Section 6.2.4.1.

6.3 Conclusions

In this work, I aimed to thoroughly assess the potential of using TIFSIX-3-Ni as a DAC
adsorbent by measuring as many of the physicochemical and equilibrium adsorption properties needed
to perform process scale modelling and optimisation as possible, and investigating its shaping and
stability under realistic process conditions.

I confirmed the successful synthesis of TIFSIX-3-Ni powder and reported its textural
properties, thermal stability, and specific heat capacity. 1 also measured equilibrium adsorption
isotherms of CO,, N, Ar, O,, and H»O, and reported isotherm model fitting parameters and heats of
adsorption for CO», N», and H>O. Compared to a benchmark DAC adsorbent, Lewatit VP OC 1065,
TIFSIX-3-Ni may have higher gravimetric and volumetric CO; adsorption capacity, but also higher N»,
Ar, O,, and H,O adsorption capacity. Therefore, the CO; selectivity of TIFSIX-3-Ni is likely lower than
that of Lewatit. TIFSIX-3-Ni also has lower CO, heat of adsorption compared to Lewatit and

comparable N, and H,O heats of adsorption, suggesting lower desorption energy requirements.
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I easily scaled up the synthesis procedure of TIFSIX-3-Ni powder 4-fold but observed large
variations in the textural properties and CO, adsorption capacity between different batches. I also
successfully pelletised TIFSIX-3-Ni powder with minimal loss in CO, adsorption at 0.4 mbar, and I
reported the skeletal, pellet, and bed density, total pore volume, and pellet porosity.

When subjected to humidity, TIFSIX-3-Ni is relatively stable at mild temperatures such as 25
°C, but it suffers a reduction in crystallinity, porosity, and CO, adsorption at higher temperatures such
as 40 °C, and there is a noticeable colour change in the material. TIFSIX-3-Ni also has a relatively short
lifetime, with again noticeable colour changes and reduction in crystallinity, porosity, and CO-
adsorption after 50 sorption cycles in ambient air, or even storage in ambient air for 6 months. Future
work still needs to be done however, to gain a better fundamental understanding on the interaction of
water with the crystal structure of TIFSIX-3-Ni and to further probe the possible structure flexibility
under different conditions.

Overall, with this study, I hope I have provided the required data to facilitate initial process
scale evaluation of TIFSIX-3-Ni for adsorption-based DAC, which can help continue the advancement

and scale-up of this technology.
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Chapter 7: Investigation of amine-functionalised “hydrophobic”
zeolite Y adsorbents for direct air capture

7.1 Introduction

Previous chapters thus far have focused on commercially available or preliminarily tested
adsorbents for DAC. In this chapter, [ attempt to develop my own set of DAC adsorbents. While many
novel adsorbents are currently being developed for DAC such as MOFs or mixed metal oxides, further
expanding the option of easily accessible commercial adsorbents could help to scale up this technology
quickly.

Zeolites are a class of adsorbents widely used in industry for applications such as catalysis, ion
exchange, and gas separations. Various zeolites have now also been investigated for DAC, including
X-type zeolites (Na-X i.e. 13X, 13X modified with Fe, Ca-X, Li-X) [30, 31, 71, 103, 167, 204, 268],
A-type zeolites (Na-A i.e. 4A, NaCa-A i.e. 5A, and other ion-exchanged zeolites A such as K, Mg, and
Ca.) [31, 71,110, 111], Y-type zeolites (amine-functionalised NHs-Y, Na-Y, and H-Y) [105, 114, 187,
238, 269], CHA-type zeolites (amine-functionalised SAPO-34, zinc-containing CHA, K-CHA) [105,
112, 270], MFI-type zeolites (amine-functionalised H-ZSM-5, Ba-MFI, Ca-MFI, Sr-MFI) [105, 129],
mordernite-type zeolites [167], GIS-type zeolites [270], and RHO-type zeolites [271]. In fact, zeolites
such as 13X and 5A have been used since the 1980s to separate CO, from air as a pre-treatment for air
separation processes [272, 273].

However, only ~ 10% of the recent DAC adsorbent literature appears to be focused on the use
of zeolites [10]. This is likely due to the hydrophilicity of most zeolites, which results in high levels of
competitive H>O adsorption and consequently significant loss in CO; adsorption capacity in humid gas
streams. For example, the H,O loading of zeolite 13X is 14.2 mmol g at 58% RH and 25 °C [274],
while its CO; loading is only 0.23 mmol g at 0.4 mbar and 25 °C [31]. Zeolite 5A has a H,O loading
of 13.8 mmol g! at 50% RH and 25 °C [274], and a CO» loading of 0.16 mmol g™ at 0.4 mbar at 25 °C
[31]. When exposed to a low humidity level of 4% RH at 22 °C, zeolite 13X already shows a reduction
in CO; loading of 86 % [151]. For zeolite 5A, an even lower humidity level of 0.02% RH at 25 °C

already reduces the CO; loading by more than 50 % [275].
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Many studies thus report the need to implement a drying step for the incoming air stream before
arrival at the adsorbent bed [30, 71, 110, 167, 268, 272, 273], however this could increase both the
capital and operating costs of the DAC process. Very recently, a new start-up utilising zeolite adsorbents
for DAC combined with desiccant for atmospheric water harvesting was announced [276]. It has also
been suggested to use zeolite adsorbents in colder climates (< 0 °C) where the absolute humidity would
be lower compared to more temperate climates, however the process was still found to be very energy-
intensive [31]. Restricting to cold climates would also limit the location options for plant deployment,
and cold temperatures would result in additional challenges regarding plant construction and daily
operation. The introduction of amine groups in zeolites could enhance the CO; loading in the presence
of humidity by creating new reaction sites for CO; [114, 238]. Indeed, H>O in turn is known to enhance
the CO; loading in amine-functionalised adsorbents [12]. However, high levels of H,O adsorption on
the zeolite structure would still result in substantial energy requirements for adsorbent regeneration and
thus elevated operating costs. A reduction in hydrophilicity of these zeolites would therefore be ideal
to mitigate this issue.

Subsequently, I propose to functionalise a reportedly hydrophobic Y-type zeolite, CBV 901
[277], with amine groups to potentially yield adsorbents for DAC with high CO; affinity while limiting
H,O adsorption. CBV 901 is a microporous H-Y zeolite commercially produced and sold by the
company Zeolyst, with a Si:Al ratio of 40 [278]. The hydrophobic nature of CBV 901 (water uptake of
0.1 mmol g at 21 °C and 45% RH) [277] is reportedly due to siliceous nanolayers free of Al and defects
on the surface of its crystallites, which prevents the penetration of H»O into the bulk of the adsorbent
[279]. CBV 901 has previously been studied as an adsorbent for the removal of fatty acids,
hydrocarbons, and steroids from wastewater [280, 281], but has yet to be considered for DAC.

In this study, I introduced amine groups to CBV 901 (referred to from here as ZY) via either
aminosilane functionalisation or ammonia (NH3) functionalisation, and preliminarily assessed the
suitability of these adsorbents for DAC by measuring CO,, N, and H,O isotherms at 25 °C.
Aminosilane functionalisation is a well-known technique that has previously been used to synthesise
amine-functionalised adsorbents for CO, capture/DAC, where support structures included SBA-15
[282], silica gel [283], MCM-41 [191], and alumina [123]. Here, the new amine groups should provide
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new CO; reaction sites while the hydrophobic ZY support should help to reduce the H,O loading
compared to previous zeolites studied for DAC. In comparison, NH3 is traditionally used in its aqueous
form for post-combustion CO, capture [284-286], while a previous report on the nitridation of zeolite
Ys using NH3 was for catalytic applications [192]. Functionalisation of ZY adsorbents using NH3 should
achieve the same properties as aminosilane functionalisation, however the direct attachment of NH, /
NH to the zeolite Y surface rather than via an alkyl chain could also improve the CO, adsorption kinetics

by minimising mass transfer limitations.

7.2 Results and discussion

7.2.1 Physicochemical properties
7.2.1.1 Chemical features

Functionalisation of ZY with aminosilane occurs via reaction of the methoxy groups of the
aminosilanes with silanol groups on the pore surface of the zeolite Y. In an idealised scenario, in the
presence of H»O, the methoxy groups of adjacent aminosilanes can crosslink and require only one

silanol group rather than three to react with an aminosilane (Figure 7.1).

7T
[ OH  OH OH-‘ TR N AU NP W ¢
| | Ll + mRsioCH), — > o -6 o +  3mCH,OH

[ ], | |

— —In

Figure 7.1. Ideal reaction of m aminosilanes with the zeolite Y surface in the presence of water.

Functionalisation of ZY with NH3 can occur via the two reaction mechanisms shown in
equations (7.1) and (7.2) [287]:
= Si— OH + NH; » = Si — NH, + H,0 (7.1)
=Si— 0 —Si = +NH; » =Si— NH, + Si — OH (7.2)
At higher temperatures, the reaction shown below in equation (7.3) is also possible [287]:

=Si—NH,+Si—OH »=Si—NH-Si= +H,0 (7.3)
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I first used FTIR to qualitatively confirm the presence of new functionalities for both synthesis
routes (Figure 7.2). For the aminosilane-functionalised samples, the spectra shown in Figure 7.2a
exhibit new bands between 1650 ¢m™ to 1550 cm™! corresponding to N-H vibrations, while bands
around 2900 cm™ and 1450 cm™ are characteristic of CH, vibrations (hardly visible for ZY-APTMS)
[227]. The sharp bands between 1210 cm™ and 1170 cm™ in the parent ZY sample appear to have been
replaced by a broader band potentially corresponding to C-N vibrations [227]. Furthermore, the
sharpness of the band at 830 cm™ is greatly reduced in the aminosilane-functionalised samples
compared to the parent ZY sample, along with the disappearance of the left shoulder of the band around
1050 cm’!, both likely associated to a decrease in Si-OH groups [227]. The latter changes are also
observed for the ZY-NH; samples in Figure 7.2b, along with the appearance of additional bands at 990
cm!, which can be associated with Si-N bonds [227]. These changes are more prominent in the samples

as the synthesis time and temperature increases.
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Figure 7.2. FTIR spectra for a) ZY samples functionalised with aminosilanes and b) ZY samples
functionalised with NH;. (No bands were observed for ZY-NH; samples beyond 2400 cm™'; the full

spectrum up to 4000 cm™! is shown in Figure A5.1).

I next used XPS to quantitatively assess the extent of amine functionalisation on ZY samples
(Figure 7.3). Survey scans of the samples provided their atomic compositions, from which I derived
their percentage weight composition (wt%). The N wt% obtained can then also be converted to a N

loading in mmol g (Table 7.1).
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Table 7.1. Nitrogen loading in mmol g™ of original and functionalised ZY samples derived from XPS

and TGA analyses.
Sample N loading (mmol g!), XPS N loading (mmol g!), TGA
7Y 0.44 nil
ZY-APTMS 6.2 3.9
ZY-AE-APTMS 9.1 5.4
ZY-NH3-700-8 0.74 n.d.
ZY-NH3-800-8 1.8 n.d.
ZY-NH3-800-16 2.4 n.d.
ZY-NH3-800-24 2.6 n.d.
ZY-NH3-900-8 4.1 n.d.

As seen from Figure 7.3a, the aminosilane-functionalised samples have a significant increase
in the N and C content compared to the parent ZY, with ZY-AE-APTMS having higher wt% of these
elements than ZY-APTMS due to the longer alkane chain and two N per silane group instead of one.
However, since the N loading of ZY-AE-APTMS is less than double that of ZY-APTMS, this implies
that more aminosilane chains were grafted in ZY-APTMS compared to ZY-AE-APTMS.
Deconvolution of the N 1s core level shown in Figure 7.3b confirms the presence of NH> / NH groups
and C-N bonds in these samples, while only a small peak associated with NH4" is detected in the original
7Y sample [288]. I also carried out thermal decomposition of the samples using TGA to confirm actual
grafting of the aminosilane groups to the ZY pore surface, rather than impregnation of the pores (Figure
A5.2). Boiling points of APTMS and AE-APTMS are 91 °C [289] and 146 °C [290], while most of
decomposition in the ZY-APTMS and ZY-AE-APTMS samples starts at a much higher temperature of
~300 °C. Therefore, it is very likely that grafting did occur, as a higher temperature is needed to remove
the chemically bonded aminosilane chains. Any mass loss below 200 °C is associated to the removal of
adsorbed water, impregnated aminosilanes, and / or dangling methoxy ligands [191]. The N loading in
mmol g can be calculated from the mass loss above 200 °C (22.6 % for ZY-APTMS and 27.4 % for
7Y -AE-APTMS), where we assume that only the alkyl chain beyond the Si group is lost. The N loadings

derived from TGA are lower than those determined from XPS. As XPS is a surface-sensitive technique,
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the higher N loadings obtained could suggest a higher concentration of aminosilanes at the external
surface compared to the internal pore structure.

The ZY-NH3 samples also have increased N content compared to the parent ZY, with higher
synthesis temperature and time resulting in higher N content (Figure 7.3c). The synthesis temperature
seems to have a bigger impact on the extent of N functionalisation compared to the synthesis time, as
ZY exposed to NHj3 for 8 h at 900 °C has higher N content compared to ZY exposed to NH3 for 24 h at
800 °C. Deconvolution of the N 1s core level for the ZY-NH; samples confirms a majority
functionalisation of NHj3 as the desired NH> / NH groups, though some adsorbed NH; does appear to

be present, along with NH4" originally present in the parent ZY sample (Figure 7.3d) [192].

7.2.1.2 Textural properties

I used N, sorption at -196 °C to determine the BET area, micropore volume (Vmicropores), and
total pore volume (Viouwl pores) Of the original and functionalised ZY samples. Pore size distributions of
all samples are also provided in Figure A5.3. Figures 7.4a and 7.4c show the experimental N, isotherms
measured at -196 °C, where a drastic decrease in porosity is observed for both aminosilane-
functionalised samples, while the isotherms for the ZY-NHj; samples are very similar compared to that
of the parent ZY. These isotherms are shown in log-scale of pressure in Figure A5.4 for clearer
differentiation.

Figures 7.4b and 7.4d tabulate the BET area, micropore volume, and total pore volumes
extracted from the measured N sorption isotherms of the aminosilane-functionalised samples and ZY-
NH; samples, respectively. For the former, the BET area of both samples has been reduced to 6 m? g’!,
compared to the BET area of the parent ZY sample of 724 m? g”'. The micropore and total pore volumes
of ZY-APTMS and ZY-AE-APTMS are now negligible compared to the micropore and total pore
volume of 0.24 cm® g and 0.48 cm?® g! of the parent ZY sample. These results indicate that the pores
of the parent ZY have been filled / blocked by aminosilane functionalisation, which is restricting N
access at this temperature and could have negative impacts on the CO, adsorption kinetics. Pore

blockage with the aminosilanes could also account for a higher concentration of N at the zeolite Y
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surface and explain the discrepancy between the N loadings derived from XPS and TG analysis, as
blockage of the pores would prevent further functionalisation of the internal structure.

For the ZY-NH; samples, the BET area and micropore volumes are only slightly reduced to
between 685 to 700 m? g'! and approximately 0.20 cm® g!, respectively, while the total pore volume is
relatively unchanged (0.48 to 0.50 cm® g'!') from the parent ZY sample. NH; is a comparably small
molecule to the aminosilanes and should not greatly reduce the porosity of the zeolite Y, which is
beneficial for minimising mass transfer resistances and allowing fast CO; adsorption kinetics. However,
the NHj treatment at the high temperatures used could have partially collapsed some of the zeolite Y
cages, which could explain the reduction in micropore volume [291]. Despite this, this particular ZY
still seems to be more robust compared to other ZY's with lower Si:Al ratios. Srasra et al. [192] reported
up to 50% decreases in the BET area, micropore volume, and total pore volume of ZY samples (Si:Al
ratios of 2.6, 13, and 37) associated with a reduction in crystallinity when treated with NH3 at 800 °C,

though for a longer time of 48 h.
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isotherms.

7.2.2 Equilibrium sorption properties
7.2.2.1 CO: sorption

To preliminarily investigate the CO, sorption performance of the functionalised ZY samples, |
measured equilibrium CO; sorption isotherms at 25 °C. Figures 7.5a and 7.5b show the CO, isotherms
for the aminosilane-functionalised samples with a linear and log-scale of pressure, respectively. The
parent ZY sample has minimal CO, adsorption at 0.4 mbar of ~ 0.003 mmol g'. For the aminosilane-

functionalised samples, | was not able to measure complete adsorption isotherms due to the extremely

140



slow speed of the measurements. Isotherms for ZY-APTMS and ZY-AE-APTMS were measured
simultaneously, and both measurements were terminated after the loading of 0.59 mmol g™' at 0.4 mbar
was obtained for ZY-APTMS, which took 20 days. For ZY-AE-APTMS, it took 11 days to obtain a
loading of 0.46 mmol g™ at 0.4 mbar. In comparison, it took 7 days to measure the complete adsorption
and desorption isotherm up to 1 bar for Lewatit VP OC 1065 (i.e. Lewatit), which had a higher loading
of 0.95 mmol g at 0.4 mbar [1]. These results imply that these samples have extremely slow CO»
adsorption kinetics, which is likely due to overfilling / blockage of the pores with aminosilane molecules
as discussed in Section 7.2.1.2. The amount of aminosilane I used in the synthesis procedure was based
on a study by Harlick and Sayari [191], where they had optimised the aminosilane loading for a
synthesis using pore-expanded MCM-41 with an average pore diameter of ~ 10 nm. In comparison,
most pores in the parent ZY sample have diameters below 2 nm (Figure A5.3). Therefore, the amount
of aminosilane needs to be optimised for this specific ZY in future syntheses to reduce mass transfer

resistances but still maintain high CO; loading.
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functionalised samples and c) and d) ZY-NH; samples, respectively.

Interestingly, ZY-AE-APTMS with higher N loading had lower CO> adsorption compared to
ZY-APTMS. This may suggest that only the primary amine groups in the aminosilane chains react with
COs,, as more chains were grafted in ZY-APTMS than ZY-AE-APTMS as explained in Section 7.2.1.1.

As these CO; isotherms are measured in dry conditions, two adjacent amine groups are needed to react

with and capture CO» via ammonium carbamate formation [12] as shown in equation (7.4):

CO, + 2RNH, & RNHf + RNHCOO~ (7.4)
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For ZY-APTMS and ZY-AE-APTMS, the primary amines at the end of the chains may have more
flexibility to come into sufficient proximity to react with CO,, whereas the spacing of the secondary
amine groups between chains may not be sufficient for this purpose.

The CO, isotherms measured for ZY-NH3 samples are shown in Figures 7.5¢ and 7.5d with
linear and log-scales of pressure, respectively. Surprisingly, functionalisation in these samples did not
result in significantly improved CO; adsorption. In fact, at 0.4 mbar, lower CO, adsorption is observed
for all functionalised samples compared to the already minimal CO> loading on the parent ZY sample,
though these loading levels are likely on the same order of magnitude as the error of the porosity
analyser. At 1 bar, there is a 5% to 15% increase in CO, adsorption for the ZY-NH3 samples compared
to the parent ZY sample, where the loading increases with synthesis temperature. [ also normalised the
CO; loadings as mmol per gram of zeolite Y rather than per gram of adsorbent (i.e. not accounting for
the mass of N), but no changes were observed when comparing the CO; loading at 0.4 mbar between
the parent ZY and ZY-NHj; (Figure AS5.5). The negligible impact of NH; functionalisation on the CO»
loading at 0.4 mbar of ZY samples could be due to insufficient amine density and/or lack of amine
flexibility to allow for the reaction of CO, with two amine groups. In the case of NH3 functionalisation,
there is no additional alkyl chain and NH»/NH is directly attached to the pore walls of ZY. Therefore,
these amine groups will need to be in very close proximity to capture CO,. If this is the case, improved
CO; adsorption should be observed in the presence of humidity, where only one amine group is needed
to react with CO; to form ammonium bicarbonate [12], as shown in equation (7.5):

CO, + RNH, + H,0 & RNHFHCO5  (7.5)

7.2.2.2 N> sorption

I measured equilibrium N; adsorption and desorption isotherms up to 1 bar at 25 °C for the
original and functionalised ZY samples. Figures 7.6a shows the N, isotherms for the aminosilane-
functionalised samples. The N uptake for these samples is noticeably less than that of the parent ZY
sample, likely due to the reduced BET area after functionalisation, which also resulted in a conversion

of these samples from physisorbent to chemisorbent. The N, uptake of these aminosilane-functionalised
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samples is also approximately three times higher than that of Lewatit at 25 °C [1], and thus they will

have lower CO; selectivity.
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Figure 7.6. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms for N>

measured at 25 °C up to 1 bar for a) aminosilane-functionalised samples and b) ZY-NH3 samples..

Figures 7.6b shows the N» isotherms for ZY-NH3 samples. Here, the N, uptake is unchanged
between the parent and functionalised ZY samples, as the BET area was comparable before and after
functionalisation. Due to the low CO; uptake of ZY-NH3 samples at 0.4 mbar, it is not immediately
clear if these samples are still selective for CO, under DAC conditions when compared to N». The pure

component CO,:N selectivity can be calculated using equation (7.6):

g — dcoz Py (7.6)

an, Pco,
where S is the selectivity, gco» and g2 are the CO; and N; loadings at Pco> and Pag, i.e. the partial
pressures of CO, and N, respectively. For DAC conditions, Pco, =~ 0.0004 and Pn2 = ~ 0.8. For the
ZY-NHj3 samples, the CO2:N; selectivity ranges from 28 to 44 depending on the synthesis conditions.
Therefore, these samples are still selective for CO, under DAC conditions. However, in comparison,

ZY-APTMS and Lewatit have CO,:N; selectivities of ~ 81,000 and ~ 410,000, respectively.
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7.2.2.3 H>O sorption

I measured equilibrium H>O adsorption and desorption isotherms up to ~ 70% relative humidity
at 25 °C for aminosilane-functionalised samples (Figure 7.7a) and ZY-NH3 samples (Figure 7.7b),
respectively, and compared them to that of the parent ZY sample. While low H>O loading would be
desirable to minimise the energy required for adsorbent regeneration, the presence of H>O is also known
to improve the CO; uptake and adsorption kinetics in amine-functionalised adsorbents [159]. Process

modelling would thus need to be conducted to determine what is an acceptable H,O loading for these

materials.
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Figure 7.7. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms for

H,0 measured at 25 °C as a function of relative humidity for a) aminosilane-functionalised samples

and b) and ZY-NH3 samples.

As seen from Figure 7.7, the parent ZY sample is indeed hydrophobic in comparison to other
zeolites such as 13X and 5A (~ 14 mmol g™ at ~ 50 % RH) [274]. However, the loading measured here
(1.4 mmol g at 45 % RH) is much higher than the H,O loading of 0.1 mmol g™ at 45 % RH and 21 °C
previously reported by Halasz et al. [277]. That study was published more than 20 years ago and so
Zeolyst could have perhaps modified its formulation for the parent ZY sample over the years.
ZY-APTMS and ZY-AE-APTMS show increased and more linear H>O adsorption compared to the
parent ZY sample, and their isotherms are very comparable to that of Lewatit [1] (Figure A5.6). ZY-
NH; samples demonstrate a wide range of H,O loadings dependent on the synthesis conditions. ZY-
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NH3-700-8 has very similar H,O adsorption to the parent ZY sample, while ZY-NH3-800-8 has almost
three times higher H>O loading at 70% RH. For the samples exposed to harsher NH3 treatment
conditions (ZY-NH3-800-16, ZY-NH3-800-24, and ZY-NH3-900-8), the H,O loading is further
increased and a substantial hysteresis indicates irreversible adsorption. NHj3 treatment at these
conditions may thus have caused defects in the zeolite Y framework and created unwanted H»O reaction
sites. For example, OH groups may have been stripped off without being replaced by amine groups,
thus leaving open reaction sites. If H>O reacts irreversibly at these sites, for example creating new OH
groups, this hysteresis may not be observed when the same sample is used for additional cycles.
However, despite the increased H,O adsorption for most ZY-NH3 samples, all samples still maintain a
relatively low H,O loading (< 5 mmol g') up to at least 50% RH, after which point a steep step-like
rise in H,O adsorption is observed. The relative humidity at which this step occurs decreases with

harsher NHj; treatment.

7.3 Conclusions

In this study, I explored amine-functionalised H-Y zeolites as adsorbents for DAC with
potentially high CO; affinity but minimal H>O adsorption. I imparted amine functionality onto a
commercially available hydrophobic H-Y zeolite with a high Si:Al ratio of 40 via either aminosilane or
NH; functionalisation. I confirmed the presence of new amine functionality for all samples using either
FTIR, XPS, and/or TGA, and reported their BET area, micropore volume, and total pore volume
determined from N, sorption at -196 °C. I then measured equilibrium isotherms of CO,, N,, and H,O at
25 °C for all samples to preliminarily assess their suitability for DAC. While additional isotherm
temperatures are needed to facilitate the fitting of isotherm parameters and the calculation of heats of
adsorption, these were not measured due to the sub-optimal results obtained for these samples, which
are summarised below.

ZY-APTMS and ZY-AE-APTMS had CO; loadings of 0.59 and 0.46 mmol g, respectively at
0.4 mbar and 25 °C, which was significantly higher than the parent zeolite Y sample under similar

conditions. However, it took 20 and 11 days respectively to collect this data. The extremely slow CO-
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adsorption kinetics of these samples, due to blockage of the pores with aminosilane molecules as
evidenced by the loss of BET area and micropore volume, made it impractical to measure the complete
adsorption and desorption isotherms. Future work will need to be conducted to optimise the aminosilane
amounts used in the synthesis to decrease mass transfer resistances to a point where these samples could
be practical to use in a DAC process, while still maintaining a satisfactory CO, loading. As they are
now, these aminosilane-functionalised samples have lower CO»:N; selectivity compared to Lewatit, but
similar H,O adsorption levels.

Functionalisation of ZY with NH3 did not increase its pure-component CO; loading. This could
be due to insufficient amine density/flexibility, and thus humidity would be required to facilitate CO,
adsorption. This should be investigated in the future by performing binary CO,-H,O co-adsorption
experiments. If CO, adsorption is improved in the presence of humidity, the relatively unchanged
textural properties of these ZY-NH; adsorbents compared to the parent ZY suggests that they could also
have relatively fast CO» adsorption kinetics. Furthermore, despite the current minimal pure-component
CO; loading, these samples are still selective for CO, over N». In terms of their H,O adsorption, samples
that were subjected to harsher NH3 treatment conditions have significantly increased H,O loadings at
relative humidity levels above 50% and substantial hysteresis compared to the parent ZY. This suggests
that defects in the zeolite Y framework may have formed and created unwanted H,O reaction sites,
though these may be “filled” after one reaction cycle with H,O. All samples still maintain low H.O
loadings of less than 5 mmol g™ below 50% RH, suggesting they could be suitable for use in temperate
climates.

Overall, my hypothesis for this chapter did not hold true. Only the adsorbents synthesised via
aminosilane functionalisation incurred improved CO; adsorption (though with extremely limited
adsorption kinetics), and H,O adsorption was increased in both adsorbent types, particularly for NH;-
functionalised adsorbents at moderate to high relative humidity. I note that the parent zeolite Y was
more hydrophilic than previously reported which may have impacted the results as well. Further
optimisation of the synthesis routes and/or adsorption process will be needed to make these adsorbents

suitable for DAC.
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Chapter 8: Quantification of temperature-dependent CO; adsorption
kinetics in Lewatit VP OC 1065, Purolite A110, and TIFSIX-3-Ni for
direct air capture

The work and discussions in this chapter are being prepared by the thesis author for publication.
Uncertainty bounds on the CO» loading values determined from isotherm fitting models were

calculated by Dr. David Danaci.

8.1 Introduction

One of the critical factors that influences the performance of a DAC process are the CO»
adsorption kinetics. For this work, the CO, adsorption kinetics refers to both the intraparticle CO-
diffusion from the exterior pellet surface to the active site, and the CO, rate of adsorption/reaction at
the active site. The CO, adsorption kinetics impact the productivity, energy consumption, and therefore
capital and operating costs of a process [43, 44]. If the adsorption kinetics are not considered, the
performance of a slow adsorbent could be greatly overestimated, and the costs underestimated. Rapid
kinetics enable shorter cycle times, which in turn, results in higher productivity (tonnes of product per
day, per tonne of adsorbent). Enhanced productivity means that a given amount of CO; can be captured
with fewer contactor units, leading to reduced capital costs. Slow adsorption kinetics cause not only a
decline in the aforementioned productivity, but may also hamper CO- recovery. For a given contactor
size and feed gas velocity, slow kinetics result in a greater portion of that feed gas breaking through the
bed, resulting in a loss of CO, back to the atmosphere. This can be compensated for by reducing the
feed gas velocity, however, that further hampers the process productivity. With reduced CO; recovery,
more feed gas needs to be processed to capture a given amount of CO,, which results in greater energy
consumption and operating costs. For these reasons, investigating and quantifying adsorption kinetics
become critical to the deployment of adsorption-based DAC technologies.

The CO; adsorption kinetics can be experimentally measured at various scales; the crystal, the
shaped adsorbent (e.g. pellet), or packed adsorption column, using a variety of techniques to extract

different diffusion coefficients (Figure 8.1) [292-294]. All experiments described here will also
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encompass any intrinsic CO, reaction kinetics present in the adsorbent, though more comprehensive
mathematical models and additional experiments would be needed to decouple the reaction kinetics
from diffusion resistances. For example, determination of an effectiveness factor, which relates the
overall adsorption kinetics to the adsorption kinetics if the active sites were exposed to the particle’s
external surface conditions, could help to compare the influence of intraparticle diffusion vs. the rate of
adsorption/reaction on the overall adsorption kinetics [295].

At the crystal scale, nuclear magnetic resonance (NMR) techniques such as pulsed field
gradient (PFG) can track the diffusion of individual adsorbate molecules within the crystal, where
attenuations in the NMR signal relate to molecular displacement [296]. Here, resistances due to
micropore/surface diffusion (arising from the transport of physically adsorbed molecules) are captured,
and typically less than 10 mg of sample is needed. Shifts in the NMR peaks corresponding to new
reacted species and growth of the peaks over time can also allow for extraction of the reaction kinetics
[297, 298].

At the pellet scale, techniques such as direct uptake/desorption rate measurements, zero length
column measurements, and imaging utilise ~ 10 to 100 mg of sample and can account for both
micropore and macropore resistances, where the latter comprises molecular diffusion, Knudsen
diffusion, surface diffusion, and Poiseuille flow. Uptake/desorption rate measurements can often be
done using commercial instruments either volumetrically, where the pressure change in the system is
tracked over time, or gravimetrically, by measuring the mass change of the adsorbent over time after a
stepwise introduction of the adsorbate [299]. The latter can be conducted using either constant pressure
or constant volume experiments, though constant volume experiments require a correction to account
for the changing driving force during the period of gas uptake. In the zero length column (ZLC) method,
the desorption curve is tracked as a previously saturated adsorbent is exposed to a flow of inert gas.
Here, the setup can be considered a perfectly mixed continuous flow cell and axial concentration
gradients and heat transfer resistances are considered negligible [300]. It is also possible to directly
track the diffusion of the adsorbate through the adsorbent pellet using imaging techniques such as

interference microscopy (IFM), infra-red microscopy (IRM), and X-ray computed tomography (CT),
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which allow one to measure the internal transient concentration profile of the adsorbate in the adsorbent
[301, 302].

Finally, one can also extract kinetic information from the breakthrough response of a column
packed with an adsorbent (usually > 1 g) as the adsorbate is continuously flowed through the system
[303]. At this scale, contributions from convection, axial dispersion, and external diffusion can be

accounted for along with the aforementioned macropore and micropore diffusion resistances.

Crystal Pellet Adsorption column

Adsorbent scal
sorbent scale (< 10 mg) (10 - 100 mg) 1g)

Direct uptake/desorption
Measur-ement NMR ZLC Breakthrough
technique )
Imaging
Reaction kinetics v v v
Micropore diffusion
. e Macropore diffusion
Mass transfer . e . Micropore diffusion o
. Micropore diffusion . External diffusion
mechanisms Macropore diffusion .
Convection
Axial dispersion

Figure 8.1. Schematic of the different adsorbent scales and their associated mass transfer mechanisms,

measurement techniques, and sample masses.

In this study, I utilise a thermogravimetric analyser to conduct CO> uptake rate measurements
at constant pressure for different adsorbents. This technique was chosen due to the ease of accessibility
and the small sample mass required. The experimental data must then be fitted to appropriate
mathematical models to extract and quantify the adsorption kinetics. One of the simplest and most
common ways to describe the CO, adsorption kinetics is with the linear driving force (LDF) model

[304, 305]:
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d
d—z = kipr(ge — q) 8.1

where ¢ is the amount of CO, adsorbed at time ¢, g. is the CO; equilibrium adsorption capacity, and the
linear driving force constant, k;pr, is a lumped mass transfer coefficient accounting for both diffusion
resistances (macropore and micropore) and the intrinsic reaction kinetics in cases where chemisorption
occurs. This model has been used in the literature to describe the adsorption kinetics of both
chemisorbents (i.e. amine-functionalised adsorbents) and physisorbents for DAC [30, 35, 53, 179, 180].

Other models used to describe the kinetics of DAC adsorbents include various rate order models
(e.g. pseudo-first order (PFO), pseudo-second order (PSO), fractional order) [62, 116, 134, 173, 181-
185, 187, 188, 306-309], the Avrami model [62, 97, 116, 134, 181, 182, 184, 187, 188, 308], combined
PFO and Avrami [117], and reaction-mechanism based models [149, 186]. Modified forms of the
shrinking core model have also been investigated, where the adsorbed phase is modelled as a product
layer forming around a core of unreacted sorption sites, which shrinks as the reaction proceeds [310-
312].

In contrast to the LDF model, one of the most rigorous methods to describe the kinetics within

an adsorbent pellet is with the Fickian diffusion model [294, 305] given by equations (8.2) and (8.3):

J = - (8.2)
T

where J is the flux of the adsorbate, C is the adsorbate concentration, 7 is the radius of the adsorbent
particle, P is the pressure, 7 is the temperature, D is the Fickian diffusivity, and B is the mobility of the
adsorbate. In the case of chemisorbents, the intrinsic CO; reaction kinetics would need to be determined
in addition to and independently from diffusion resistances, which can be experimentally challenging.
For example, one could theoretically isolate the diffusion resistance by conducting additional
experiments with a non-reacting sample gas, however this gas may not adsorb in sufficient quantities
to provide suitable uptake curves which are wusable for subsequent fitting. It is also
mathematically/computationally intensive to incorporate this model into adsorption-based process
simulations as the equations need to be repeatedly integrated at the pellet and column levels until cyclic

steady state is achieved. Furthermore, since most processes will realistically operate under non-
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isothermal and non-isobaric conditions, these calculations would also have to be coupled with mass,
heat, and energy balance equations across all scales.

As a simpler option, Sircar and Hufton have shown that the LDF model can indeed be sufficient for
process modelling, as the information from a detailed kinetic model describing local rates of adsorption
(i.e. spatial variation) within a pellet is often lost during the numerous integration/averaging steps [305].
For example, the LDF model was used to simulate the mass transfer resistances in: pressure swing
adsorption cycles using activated carbon for pre-combustion CO, capture by Subraveti et al. [313];
steam-assisted temperature-vacuum swing adsorption cycle using amine-functionalised nanofibrillated
cellulose for direct air capture by Stampi-Bombelli et al. [180]; vacuum swing adsorption cycles using
diamine-appended MOFs for post-combustion capture by Pai et al. [235]; and to describe the mass
transfer resistances from breakthrough experiments using zeolite 13X by Wilkins et al. [151]. There are
some limitations to the LDF model when used for the modelling of rapid cycles [314-316], however,
DAC cycles are not expected to operate in that way. For this work, I thus utilise the LDF model for
quantification of the experimental adsorption kinetics and obtain lumped mass transfer coefficients
encompassing both intraparticle diffusion and rate of reaction/adsorption information.

Here, I analyse Lewatit VP OC 1065 (i.e. Lewatit), Purolite A110 (i.e. Purolite), and TIFSIX-
3-Ni, as I previously highlighted these materials as promising adsorbents for DAC and reported many
of their physicochemical and equilibrium sorption properties [1, 2]. In terms of their CO, adsorption
kinetics, no data is currently available for Purolite and TIFSIX-3-Ni. For Lewatit, Young et al. fitted
the LDF model to dynamic column breakthrough data, with experiments conducted at 25 °C, 50 °C,
and 70 °C and 1%y, CO, balanced with N, and reported a constant k.pr of 3 X 107 s within this
temperature range [150]. Bos et al. measured the intrinsic reaction kinetics of Lewatit in absence of
external or intraparticle transport limitations using a flat bed reactor at 5 °C to 40 °C and pure CO»
pressures of 50 mbar, 100 mbar, and 200 mbar. They compared the use of the LDF model, quadratic
driving force (QDF) model, and a Toth rate reaction model, and found that the Toth rate reaction model
was best able to fit the CO; uptake data across the varying temperatures and pressures [217]. In that
study, the reported k values for the LDF fitting of data measured at 50 mbar (i.e. 5%y,) CO; ranged
from 8 X 10251 t027.3 X 102 s between 5 °C and 40 °C. Recently, Wu et al. measured the CO, uptake
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rate of Lewatit at 25 °C and 400 ppm (i.e. 0.04%..1) CO; balanced with N using a thermogravimetric
analyser. The data was fitted to the Avrami model and a mass transfer coefficient (k4) of 2.5 X 10 s™!
was reported [44]. The temperature dependence of the mass transfer coefficient remains unknown. For
perspective, the k.prvalue for zeolite 13X beads of 1 mm in diameter at 10 °C at 1 mbar (i.e. 0.1%yo1)
CO, is 1.6 X 10?2 s7'. Assuming the k.pr value of 3 X 107 s™! reported by Young et al. for Lewatit was
also for bead sizes of 1 mm in diameter (Lewatit bead sizes range from 0.3 to 1.2 mm [226]), the
adsorption kinetics of zeolite 13X is already a magnitude faster than that of Lewatit at 10 times lower
CO; concentration and 15 °C lower temperature.

This study aims to fill the gaps in adsorption kinetics for Lewatit, Purolite and TIFSIX-3-Ni by
estimating their temperature-dependent mass transfer coefficient at relevant DAC conditions. While
such coefficients cannot decouple intraparticle diffusion and intrinsic reaction kinetics, it remains useful
as inputs for process modelling. This work relies on using a thermogravimetric analyser to measure the
mass of CO, adsorbed as a function of time at multiple temperatures for each adsorbent under a flow of
400 ppm CO,, representative of dry ambient air. The experiments were run using a constant pressure
approach (i.e. the concentration of CO; in the bulk gas phase is equal to the concentration of CO at the
bead/pellet surface), where external mass transfer limitations were minimised as much as possible by
modifying the thermogravimetric analyser sample holder and optimising the gas flowrates. The
resulting experimental data was then fitted simultaneously to a temperature-dependent LDF equation to
obtain temperature-dependent KLDF constants, which can be used to describe the lumped CO;

adsorption kinetics of these materials in subsequent process models.

8.2 Experimental section

8.2.1 Adsorbent materials
Lewatit and Purolite resins are formed as spherical beads with particle sizes between 0.3 to 1.2
mm (average particle size is ~ 0.5 mm in diameter) and containing up to 60% water content [225, 226].

Further details of the adsorbent properties of these resins can be found in Chapter 5 [1].
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TIFSIX-3-Ni in powder and then pellet form was synthesised as described in Chapter 4, and
further details of its adsorbent properties can be found in Chapter 6 [2]. For the experiments discussed
here, ~ 400 mg of the powder sample referred to as “batch 57 in that work was used to form a 13 mm
diameter pellet with ~ 5 mm thickness. This pellet was then cut into 9 pieces using a scalpel following
a grid pattern, yielding new pellets of ~ 4 mm in width and 5 mm in height. One of these pieces was
then further cut into granules of ~ 1 to 2 mm in dimension to achieve more similar particle sizes
compared to the resin beads to allow for a better comparison of the adsorption kinetics between the two
classes of adsorbents. Pellets were also used in this study instead of powder as adsorbents in structured

form would need to be used in an actual DAC process.

8.2.2 Kinetic sorption measurements

A NETZSCH TG 209 FI Libra thermogravimetric analyser (TGA) was used to conduct all
kinetic sorption measurements. A simplified schematic of the instrument is shown in Figure 8.2a. For
each experiment, gas from a pure He cylinder (BOC, N5.0 grade) was used as the protective gas, which
interacted with the balance system before entering the sample chamber. He gas was chosen instead of
N to minimise additional adsorption on the samples, especially for the physisorbent TIFSIX-3-Ni. Gas
from a cylinder containing ~ 800 ppm CO; balanced with He (BOC, research grade) was used as the
sample gas, which entered above the balance and directly into the sample chamber. Here, the two gas
streams mixed and interacted with the adsorbent sample in the crucible as they flowed up through the
chamber and out of the top of the instrument. Three mixed gas cylinders were used to complete all
measurements, whose CO; concentrations were 806 ppm, 832 ppm, and 834 ppm due to manufacturing
variability. To create as close to a 400 ppm CO; in He environment within the sample chamber as
possible to mimic dry ambient air, flowrate ratios between the mixed gas cylinder and pure He cylinder

were varied between 0.9:1 to 1:1.
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Figure 8.2. a) Simplified schematic of the set-up used for the kinetic sorption measurements, which
includes (1) gas cylinders, (2) pressure reducing regulators, and a thermogravimetric analyser
containing the following components: (3) mass flow controllers, (4) microbalance, (5) sample chamber,
(6) crucible and (7) sample holder, (8) heating elements, and (9) gas outlet. b) Example of mass and
temperature profiles over the course of a kinetic sorption measurement for a Purolite sample. Step 1:
temperature increased from 30 to 120 °C and held for 4 h under a 100 mL min"' He flow. Step 2:
temperature decreased back to 30 °C and held for 20 min under the same He flow. Step 3: a 100 mL

min™' flow of the 800 ppm CO»/He cylinder is then turned on for 10 h, at 30 °C.
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A typical kinetic experiment consisted of three steps as shown in Figure 8.2b, during which the
mass change of the sample was recorded as a function of time. First (step 1), sample was loaded into
the TGA crucible and degassed under a flow of inert He gas until the mass remained stable. For
experiments using Lewatit and Purolite, ~ 25 mg to 30 mg of sample was heated from 30 °C to 120 °C
at a rate of 5 °C min ! and held at this temperature for 4 h. For TIFSIX-3-Ni, ~ 15 mg to 20 mg of
sample was heated from 30 °C to 160 °C at a rate of 5 °C min "' and held at this temperature for 2 h. 30
°C was chosen as the starting temperature for all experiments as it was difficult to consistently maintain
a lower temperature. After this time, the temperature was decreased to the desired temperature for CO;
adsorption and allowed to equilibrate for 20 min (step 2). In this work, experiments were conducted at
adsorption temperatures of 30 °C, 45 °C, and 60 °C. Finally (step 3), the flow of CO, was turned on to
achieve an overall gas stream of 400 ppm CO, balanced with He, and the mass change of the sample
due to CO, adsorption was recorded as a function of time. A total flowrate of 200 mL min™! was used
for measurements at 30 °C and 45 °C, while flowrates of 100 mL min™!, 200 mL min-', and 300 mL
min! were investigated for measurements at 60 °C. For Lewatit and Purolite, samples were exposed to
400 ppm CO; flow for 10 h, 6 h, and 4 h at 30 °C, 45 °C, and 60 °C, respectively, and a fresh sample
was used for each measurement. For TIFSIX-3-Ni, the same sample was exposed to 400 ppm CO; flow
for 3 h, 2.5 h, and 2 h at 30 °C, 45 °C, and 60 °C, respectively. These times were chosen to ensure that
saturation of the sample would be achieved within this period, i.e. when the mass reaches a plateau.
Three experiments were repeated at each temperature and flowrate.

Prior to the measurements, samples were degassed ex-situ overnight using a Micromeritics
VacPrep™ 061 at 0.02 mbar and either 120 °C (Lewatit and Purolite) or 160 °C (TIFSIX-3-Ni), with
the temperature increased from room temperature at a rate of 10 °C min™! for the latter. A correction run
with an empty crucible and identical analysis conditions was also performed before each measurement
to account for buoyancy effects. I note that oscillations in the TGA mass signal, as can be seen in Figure
8.2b, sometimes occurred during experiments for both correction and sample measurements for
indeterminate reasons (see Figures A6.1 to A6.5), but this did not significantly impact subsequent fitting

and analysis procedures.
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8.2.3 Data analysis

To calculate the kzpr constant for each experiment, the data collected in step 3 of the procedure
discussed above was first adjusted to the mass of CO, adsorbed as a function of time, with both mass

and time starting at 0. This was then converted to a fractional uptake using equation (8.4):

F(t) = 2O Miniciar (8.4)

Mfinal~Minitial
where f(?) is the fractional mass uptake between 0 and 1 as a function of time ¢, m(?) is the mass of CO;
adsorbed at a given ¢, Mminiia 1s the mass of CO, adsorbed at ¢ = 0, i.e. Miniriat = 0, and myq 1s the average
mass of CO; adsorbed in the last 30 min of the experiment. This data was then fitted to an exponential
form of the LDF model [305] using the non-linear curve fit function in OriginPro with the orthogonal
distance regression iteration algorithm to give the k.pr constant:

f(t) =1— e kwort (8.5)

To compare the effect of different flowrates, the three sets of fractional uptake curves measured
at each flowrate were averaged at each time data point, and the resulting mean f{?) data set was fitted to
equation (8.5) to obtain the k.pr values using the non-linear curve fit function in OriginPro, with the
standard deviation at each time point used to weight the fitting.

To compare the effect of different temperatures, a temperature dependence of the k;pr constant was

described using the Arrhenius equation shown in equation (8.6):

kipr(T) = ko exp (_ITET‘I) (8.6)

where ko is the pre-exponential factor (or kzpr at infinite temperature), £, is the commonly called
activation energy for mass transfer (though we note that not all mechanisms are necessarily activated),
R is the universal gas constant, and 7 is the temperature.

To determine this temperature dependence for each adsorbent, fractional uptake curves repeated
at each temperature were averaged at each time data point, and the resulting mean f(?) data set at each
temperature were fitted simultaneously to equation (8.5) and an alternative form of the Arrhenius
equation shown as equation (8.7):

kuor(T) = exp (In(ko) — 22) (8.7)
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with the standard deviation at each time point used to weight the fitting. In(ky) and E, were obtained as
fitted parameters with associated uncertainty bounds for a 95% confidence interval which could then
be used to calculate k.pr(T). The fitting procedure was again done using the non-linear curve fit function

in OriginPro with the orthogonal distance regression iteration algorithm.

8.3 Results and discussion

8.3.1 Optimisation of experimental factors for kinetic sorption measurements

As mentioned previously, the k;pr constant is an overall mass transfer coefficient describing
the CO, adsorption kinetics, which accounts for both the CO, intraparticle diffusion and CO; rate of
adsorption/reaction. In other words, any differences in the k;pr constants should only be due to the
adsorbent itself and not affected by external mass transfer limitations. The constant pressure approach
used in this work requires the bulk gas phase composition to remain constant, therefore, one must ensure
that mass transfer limitations from moving through the bed of beads/pellets are avoided and gas around
the sample is adequately refreshed and not depleted of CO,. This can be affected by the gas flow path
in the instrument (not within user control), the dimensions of the crucible containing the sample, the
amount of sample used, and the gas flow rate. The first part of this work therefore requires optimisation
of the sample holder and gas flow rates to minimise external mass transfer limitations for the sample
masses used (~ 15 to 30 mg). I assumed that these masses were sufficiently low to avoid any heat
transfer effects, and calculations were subsequently conducted to confirm operation in near isothermal

conditions (see Appendix 6 for details).

8.3.1.1 Effect of crucible

The standard alumina crucibles are only open to fluid flow at the top and therefore not ideal for
the envisioned measurements. As explained in Section 8.2.2, gas flows from the bottom and up through
this TGA’s sample chamber, which prevents a good mixing with the sample when using a standard

crucible. In this scenario, the gas only flows around the crucible and directly interacts with the top layer
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of sample particles, before diffusing through the crucible to reach the particles below. As a result, the
calculated k;prwould be an underestimation.

To optimise the gas flow through the sample, I used an aluminium crucible modified by drilling
0.2 mm holes at the base with a 0.5 mm square pitch. This was meant to allow gas flow through the
sample, rather than around the crucible. A significant proportion of these drilled holes on the base
however would have been blocked by the TGA sample holder platform. Hence, to further optimise the
set-up, a makeshift basket made of perforated stainless steel was formed in which the aluminium
crucible could be placed. The rim of the crucible rests on the edge of the basket and elevates the base
of the crucible from the sample holder platform. Photographs of all three crucible iterations are shown

in Figure 8.3a.
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Figure 8.3. a) Photographs of the standard alumina crucible, perforated aluminium crucible, and
perforated aluminium crucible in the makeshift basket. b) Comparison of the experimental (filled
circles) and fitted (solid lines) fractional uptakes and corresponding kzpr constants of Purolite samples
measured using the standard alumina crucible, perforated aluminium crucible, and perforated

aluminium crucible in the makeshift basket. Time is plotted on a square root scale for clarity.

To test each set-up (i.e. standard alumina crucible, perforated aluminium crucible, and
perforated aluminium crucible with a makeshift basket), I conducted TGA measurements on samples
of Purolite at 60 °C under a total flowrate of 200 mL min™' of 400 ppm CO, balanced with He (Figure
8.3b). I chose to use 60 °C since the adsorption kinetics would be fastest at this temperature amongst
the selected range, thus any impacts of external mass transfer resistance would be amplified. As seen

from Figure 8.3b, using the perforated aluminium crucible with the makeshift basket allowed for the
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fastest CO, adsorption kinetics. This set-up was therefore used for all further experiments. I note the
presence of some sharp spikes/dips in the experimental fractional uptake, particularly for the perforated
aluminium crucible during the first few seconds of step 3. This is likely an artefact of the sudden
introduction of CO,, and was also sometimes observed in subsequent experiments (Figures A6.1 to
A6.5). However, these experimental discrepancies did not significantly affect the fitting of the kipr
constant. Overall, these modifications improved the mixing of gas with the sample and reduced any

mass transfer limitations due to the crucible as much as possible.

8.3.1.2 Effect of flowrate

Having minimised mass transfer limitations from the crucible, I then investigated the optimal
gas flowrate for the experiments. The flowrate should be high enough such that gas supply to the
adsorbent does not affect the CO, adsorption kinetics, but not unnecessarily high, leading to excessive
gas consumption. To identify an appropriate flowrate, TGA experiments and subsequent kipr
calculations were conducted as described in Section 8.2.2 and 8.2.3 for Purolite and TIFSIX-3-Ni
samples at 60 °C with total flowrates of 100 mL min™!, 200 mL min™!, and 300 mL min™'. I assumed that
the optimal flowrate determined for Purolite would be applicable for Lewatit, as these adsorbents
exhibit similar particle size, morphology, and CO> adsorption mechanisms [1]. I again chose to use 60
°C to ensure that any external mass transfer limitations are overcome at the most stringent conditions.

Purolite and TIFSIX-3-Ni samples were exposed to a 400 ppm CO: flow for 4 h and 2 h,
respectively, to ensure saturation was achieved. Experiments were conducted in triplicates for each
flowrate and for each adsorbent. The experimental and fitted f{#) data for these measurements are shown
in Figures A6.1 and A6.2. For experiments using the 806 ppm CO» mixed gas cylinder, the flowrates
used were either 50 mL min™!, 100 mL min', or 150 mL min™' for both CO»/He and He to achieve total
flowrates of 100 mL min™!, 200 mL min™!, and 300 mL min’!, respectively. For experiments using the
832 or 834 ppm CO; mixed gas cylinder, the flowrates used for CO»/He and He were 50 and 50 mL
min', 95 and 105 mL min™!, and 145 and 155 mL min™, to achieve total flowrates of 100 mL min™', 200

mL min’!, and 300 mL min™, respectively.
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The results of these experiments are summarised in Figure 8.4. For Purolite and TIFSIX-3-Ni
adsorbents, increasing the total flowrate from 100 mL min™ to 200 mL min™' resulted in a 48% and 97%
increase in the average k.pr, respectively. Further increasing the flowrate from 200 mL min™ to 300 mL
min’! resulted in limited increases of 4% and 9%, respectively. Therefore, 200 mL min™' was selected as
the optimal flowrate to minimise external mass transfer limitations while also conserving gas supply,

and this flowrate was used for all further experiments.
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Figure 8.4. Comparison of the average k;prconstants with error bars for a 95% confidence interval for
Purolite and TIFSIX-3-Ni calculated at 100 mL min', 200 mL min"', and 300 mL min™' total flowrates

of 400 ppm CO; in He.

8.3.2 Temperature-dependent kinetic sorption measurements

For process modelling, a temperature-dependent k;pr constant should be determined for
adsorbents of interest, as it allows accurate modelling of the kinetics throughout the entire cycle (i.e.
adsorption, desorption, and transition steps). Similarly, the dependence of the kzpr values on the CO;
concentration should also be investigated since the CO» concentration may vary along the length of the
column as gas is adsorbed. However, in this work I focused my experiments on the initial feed gas
concentration in a DAC process of 400 ppm CO,. To obtain a temperature-dependent k;pr for Lewatit,

Purolite, and TIFSIX-3-Ni, experiments were carried out as described in Section 8.2.2 for each
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adsorbent at 30 °C, 45 °C, and 60 °C, with a total flowrate of 200 mL min™' of 400 ppm CO> balanced
with Heusing the perforated aluminium crucible with a stainless-steel basket. For each adsorbent, three
experiments were repeated at each of the three temperatures, and subsequent data analysis was
conducted following the procedure outlined in Section 8.2.3. The experimental and fitted f{z) data for
these measurements are shown in Figures A6.3 to A6.5. The fitted parameter values for In(ky) and E,
are shown below in Table 8.1, along with associated uncertainty bounds for a 95% confidence interval.
These parameters are then used to calculate k;pr as a function of temperature, and their uncertainty
bounds can be propagated to determine uncertainty bounds on kzpr(7T) (see Appendix 6 for details).
These fitted results are shown in Figure 8.5, with an extrapolation of 10 °C above and below the

measured temperature range.

Table 8.1. Fitting parameters for equation (8.7) with uncertainty bounds for a 95% confidence interval
for Lewatit, Purolite, and TIFSIX-3-Ni. kyis the pre-exponential factor (or kzpr at infinite temperature)

of the Arrhenius equation and FE, is the activation energy for mass transfer.

In(ky) (s) E,(kJ mol™)
Lewatit 4.987 £ 0.055 32.90+0.14
Purolite 11.00 £0.09 47.89 £ 0.25
TIFSIX-3-Ni 6.778+0.174 33.79+0.44
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Figure 8.5. Comparison of temperature-dependent k;pr constants with uncertainty bounds (dashed
lines) for a 95% confidence interval between 20 °C and 70 °C for Lewatit, Purolite, and TIFSIX-3-Ni.

Individual data points indicate the temperatures at which k;pr constants were experimentally measured.

The two resins, Lewatit and Purolite, exhibit similar k.pr constants up to 40 °C, with values of
4.76 x 10 s'and 6.14 x 10* s}, respectively at this temperature. As the temperature increases beyond
40 °C, Purolite begins to have significantly faster adsorption kinetics compared to Lewatit. The kinetic
resistances dependent on temperature are molecular diffusion (7!7 dependence), Knudsen diffusion (7"
dependence), surface diffusion, and the rate of chemical reaction (both e“*” dependence) [294].
Therefore, one or more of these resistances may be more dominant in Purolite compared to Lewatit,
though the dominant resistance may change throughout our measured temperature range. Since the k;pr
of Purolite increases faster with temperature compared to Lewatit, this may suggest a lower activation
energy for surface diffusion and/or reaction in Purolite.

At 25 °C, we calculated the k.pr for Lewatit to be 2.52 x 10*s™'. This agrees well with the k4
value of 2.5 X 10 s” reported by Wu et al. [44] for Lewatit, who fitted their TGA uptake data measured

at 25 °C and 400 ppm CO; to the Avrami model given by equation (8.8):

q=q.(1—e " kad") (8.9)
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where ¢ is the amount of CO, adsorbed at time ¢, g. is the CO, equilibrium adsorption capacity, k4 is
the Avrami mass transfer coefficient, and » is the Avrami constant. Since the authors reported an n
value of 0.9710 (i.e. close to 1), k4 can be roughly compared to kzpr.

In another comparison, Young et al. reported a constant kzpr of 0.003 s for Lewatit at 1%yl
(or 10,000 ppm) CO; concentration between 25 °C and 70 °C [150], which represents an order of
magnitude difference between our results at 25 °C. We note that Young et al. performed dynamic
column breakthrough experiments with ~ 200 mg of sample and assumed isothermal operation of their
column, where any changes in the temperature of the adsorbent would not be accounted for and could
result in an inflated k.pr. This discrepancy is also likely due to the difference in CO» concentration, as
Lewatit is a macroporous resin and thus it is likely there is a mass transfer resistance arising from
macropore diffusion, which is impacted by the gas phase concentration. Indeed, Bos et al. previously
reported a concentration dependence of the CO, adsorption kinetics for Lewatit, where the CO, uptake
of Lewatit was faster with pure CO, compared to 50% and 25% CO, diluted with N, [217]. Therefore,
it is important for future studies to conduct their kinetic sorption experiments at the relevant CO,
concentrations for DAC to achieve accurate kinetic estimations. Confirmation of the presence of
macropore diffusion in the resins could also be achieved by varying the bead size through sieving and
observing a change in the k;prvalues, where smaller particles would demonstrate faster kinetics.

TIFSIX-3-Ni displays significantly faster adsorption kinetics compared to Lewatit and Purolite
over the 20 °C to 70 °C temperature range, ranging from 8.38 X 10 to 6.32 x 10~ s’\. T hypothesise
that this is due to the absence of reaction kinetics in TIFSIX-3-Ni as it is a physisorbent, resulting in an
overall faster CO, adsorption rate. In terms of the intraparticle diffusion, there is likely a contribution
of both micropore and macropore diffusion due to the intrinsic ultramicropores in TIFSIX-3-Ni and
pelletisation of the sample, respectively. Varying the pellet size of TIFSIX-3-Ni used in these
experiments and observing changes in the k;pr would confirm the presence of macropore diffusion,
however it still would not be possible to quantify the contribution of each resistance without further
experiments.

I also calculated the average equilibrium CO; loading for the TGA experiments conducted at
each temperature (see Appendix 6 for details). I compared these to the CO, loadings calculated from
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the CO, isotherm fitting model parameters determined from volumetric sorption experiments as
discussed in Chapters 5 and 6 [1, 2]. This analysis helps to verify that the equilibrium results from the
TGA are indeed reasonable, and that subsequently the kinetic results which rely on the final equilibrium
loading should be reliable as well. The CO; isotherm models and their fitted parameters for Lewatit,
Purolite, and TIFSIX-3-Ni were previously presented in Chapters 5 and 6, and here again in Appendix
6. As seen from Figure 8.6, the average loadings determined from the two methods are in relatively
good agreement at 45 °C and 60 °C (~ 5% to 20% difference, except for ~ 30% difference for TIFSIX-
3-Ni at 60 °C), while there is a larger discrepancy between the averaged results at 30 °C (~20% to 35%
difference). The temperature calibration for the TGA used in this study was performed using elements
with relatively high melting points (~ 150 °C to 1110 °C), and so the temperature control may not be as
accurate at 30 °C compared to higher temperatures. Fluctuations in the TGA balance reading as
observed in Figures A6.3 to A6.5 were likely another source of error. In comparison, the porosity
analyser used for the volumetric sorption experiments could achieve better resolution, better sample
activation (degassed in-situ at 120 °C and 0.00002 mbar for 24 h), and experimental checks were done
in our previous works to ensure that equilibrium was indeed reached during measurements (Figures
A3.5 and A4.4). Overall, however, the results from the two methods are relatively comparable with

almost all error bars overlapping, and are in better agreement with increasing temperature.
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Figure 8.6. Comparison of the averaged equilibrium CO, loadings for Lewatit, Purolite, and TIFSIX-
3-Ni at 30 °C, 45 °C, and 60 °C and 400 ppm CO- concentration determined from TGA experiments

and CO; sorption isotherm models with error bars for a 95% confidence interval.

8.4 Conclusions

This work provides a quantitative evaluation of the CO; adsorption kinetics for three promising
DAC adsorbents, Lewatit VP OC 1065, Purolite A110, and TIFSIX-3-Ni, by extracting temperature-
dependent linear driving force constants, kzpr(7T) under DAC conditions (i.e. 400 ppm CO,). I measured
the mass of CO, adsorbed over time using a thermogravimetric analyser from a flow of 400 ppm CO
balanced with He at 30 °C, 45 °C, and 60 °C, and fitted the experimental data using the linear driving
force model. To ensure the accuracy of the method, I minimised external mass transfer limitations by
adapting the experimental set-up and operating conditions, i.e. sample holder and gas flow rates.
The results show that TIFSIX-3-Ni displays faster adsorption kinetics than the resins between 20 °C to
70 °C. At 25 °C, the kipr constant for TIFSIX-3-Ni is 1.13 X 107 s™!, compared to 2.36 X 10*s!and
2.77 x 10**s™! for Lewatit and Purolite, respectively. I attribute this to the lack of chemical reaction with
CO; as TIFSIX-3-Ni is a physisorbent, resulting in a faster CO; rate of adsorption compared to the

resins which have additional resistance from their reaction kinetics. Purolite and Lewatit have

167



comparable kinetics up to 40 °C, after which Purolite exhibits faster kinetics than Lewatit, potentially
due to a smaller activation energy for surface diffusion and/or reaction rate.

In terms of future work, additional experiments should be done if &, pr constants at temperatures
below 20 °C or above 70 °C are desired, rather than relying on further extrapolation. The k.pr values
calculated here are also only valid for the particle sizes measured. Future experiments should be
conducted with a range of adsorbent particle sizes to determine its influence on the adsorption kinetics.
In addition, repeating some experiments with a lower sample mass would help to confirm the absence
of external mass transfer limitations due to adsorbent packing, especially if higher temperatures are
used where the intraparticle adsorption kinetics may no longer be the limiting step. The kipr values
calculated here are also only valid at a CO, concentration of 400 ppm, however the CO, concentration
may vary along the length of the column as gas is adsorbed. Therefore, additional kinetic measurements
should be conducted which account for variations in concentration, either by repeating the procedure
used in this work at multiple CO, concentrations, or using a different experimental methodology from
which the micropore and macropore diffusion resistances can be extracted, such as the zero length
column method [48, 300]. Overall, the k.pr(T) values determined in this work can now be used for
initial process scale modelling to assess the process performance of Lewatit, Purolite, and TIFSIX-3-

Ni for DAC.
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Chapter 9: Conclusions

9.1 Summary of findings

The objectives of this thesis were to investigate the physicochemical, equilibrium sorption, and
kinetic sorption properties of select promising DAC adsorbents representing three classes of materials,
i.e. polymeric resins, ultramicroporous MOFs and functionalized zeolite Ys. The specific adsorbents
studied included: Lewatit VP OC 1065, Purolite A110, TIFSIX-3-Ni, and in-house developed amine-
functionalised zeolite Ys.

In Chapter 5, I conducted the first assessment of Purolite A110 for DAC applications by
measuring its physicochemical and equilibrium sorption properties and comparing them to those of
Lewatit VP OC 1065, one of only two materials with all the necessary adsorbent properties needed for
DAC process modelling reported. Purolite showed great promise as an adsorbent for DAC, exhibiting
higher gravimetric and volumetric CO, adsorption capacity and lower CO; heat of adsorption compared
to Lewatit, while maintaining similar N, and H»O heats of adsorption. A new empirical CO; isotherm
model combining chemisorption and physisorption terms was also proposed which provided a better fit
of the experimental data compared to existing models.

In Chapter 6, I successfully synthesised TIFSIX-3-Ni and measured its physicochemical and
equilibrium adsorption properties. I demonstrated that the adsorbent can be shaped into pellets without
the use of binder and with minimal loss in CO, adsorption performance. Adsorbent properties such as
densities, specific heat capacity, COz, N> and H>O isotherm model parameters, and N, and H>O heats
of adsorption were reported for TIFSIX-3-Ni for the first time. Based on these properties, TIFSIX-3-Ni
showed great promise as a DAC adsorbent. However, I also determined that TIFSIX-3-has limited
stability under high temperature and humidity conditions (e.g. 40 °C and 75% RH), though its stability
may be improved when used in more temperate climates. TIFSIX-3-Ni also has a maximum lifetime of
no more than 6 months, as exposure to ambient air for this period already resulted in more than 50%
reduction in its CO; adsorption capacity.

In Chapter 7, I hypothesised that amine-functionalisation of a hydrophobic zeolite Y would

yield an adsorbent with high affinity for CO, while maintaining minimal H>O adsorption. I synthesised
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these adsorbents via either aminosilane or NH;3 functionalisation, and preliminarily assessed their
suitability for DAC applications by measuring CO,, N, and H>O isotherms at 25 °C. Only the
adsorbents synthesised via aminosilane functionalisation yielded improved CO, adsorption, though the
extremely slow isotherm measurement time suggested the presence of pore blockage. H>O adsorption
was also increased in both adsorbent types, particularly for NH3-functionalised adsorbents at moderate
to high relative humidity (i.e. greater than 50% RH). Without further optimisation, these adsorbents are
currently not suitable for use in a DAC process.

Lastly, in Chapter 8, I determined the temperature-dependent CO, adsorption kinetics of
Lewatit, Purolite, and TIFSIX-3-Ni at 400 ppm CO- concentration using a gravimetric sorption set-up.
The gravimetric CO, uptake was measured over time at multiple temperatures, and the experimental
data fitted to the linear driving force model. External mass transfer limitations were also minimised by
adjusting the experimental set-up and operating conditions, i.e. sample holder and gas flow rates.
Amongst the three adsorbents, TIFSIX-3-Ni had the fastest adsorption kinetics across all temperatures
most likely due to its lack of chemical reaction with CO,. Purolite and Lewatit had comparable kinetics
up to 40 °C, after which Purolite exhibited faster kinetics than Lewatit, potentially due to a smaller
activation energy for surface diffusion and/or reaction rate.

Overall, my PhD has helped address the data gap in adsorption materials for DAC and improve the
synergy between adsorbent and process development. The adsorbent data collected can now be used to
facilitate process scale evaluation of these adsorbents, which will help continue the advancement and

scale-up of adsorption-based DAC.

9.2 Perspectives and future work

While my thesis has advanced the knowledge of the DAC adsorbents selected for this work,
further studies could still be conducted to provide deeper insights.

Due to a lack of nearby experimental resources, I was not able to measure the thermal
conductivity of the adsorbents studied. This parameter would be important to measure directly as it

influences the overall heat transfer in a DAC process. For now, the thermal conductivity of Purolite
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could be assumed to be the same as that of Lewatit, whose data is currently available in the literature
[217]. Similarly, the thermal conductivities of Ni-MOF-74 or MIL-101(Cr) powder [317] could be used
to approximate that of TIFSIX-3-Ni. I note that the pore sizes of these MOFs are larger than those of
the ultramicroporous TIFSIX-3-Ni, however these were the only MOFs reviewed with experimentally
measured thermal conductivities reported.

For TIFSIX-3-Ni specifically, further studies are needed to gain a better fundamental
understanding on the interaction of water with the crystal structure of TIFSIX-3-Ni, which could
eventually help improve the stability of TIFSIX-3-Ni at high humidity. Possible experiments could
include single crystal XRD or in-situ total X-ray scattering measurements [258]. Additional studies to
probe the possible structure flexibility of TIFSIX-3-Ni would also be useful to better understand its gas
and vapour adsorption performance. These could include additional XRD measurements at higher
pressures / lower temperatures coupled with structure refinement procedures.

For the amine-functionalised zeolite Ys, an optimisation study should be done on the
aminosilane amounts to determine an ideal loading which minimises mass transfer resistances and H,O
adsorption while still allowing for satisfactory CO» uptake. In addition, NH3 functionalisation may have
yielded sufficient amine loading but without the proximity/flexibility needed for CO; adsorption in dry
conditions, where two amine groups are needed to react with CO;. Binary CO;-H2O co-adsorption
experiments using zero length column (ZLC) or temperature-programmed desorption techniques should
therefore be conducted to investigate if the CO, adsorption is improved in the presence of humidity,
where only one amine group would be needed to react with CO,.

Lastly, for the CO» adsorption kinetics, additional uptake experiments encompassing a wider
temperature range and different CO, concentrations should be conducted to cover the full range of
possible DAC process conditions. Alternatively, a different experimental set-up such as the ZLC
technique could be used [48, 300], which can account for temperature and concentration dependence
through the extraction of micropore and macropore diffusion contributions.

In a broader context, I hope my work will encourage others in the field to improve the synergy
between adsorbent and process development for DAC by adopting a similar systematic approach when
characterising and reporting new promising adsorbents. I do acknowledge however that it is extremely
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time consuming to conduct all the experiments needed for thorough adsorbent characterisation, and it
would not be practical to do so for every adsorbent studied. However, conducting the full suite of
characterisation might still remain useful for reference adsorbents. In addition, researchers involved in
DAC process development should therefore help to identify the adsorbent parameters which have the
largest impact on process performance. These can then be measured by researchers developing new
adsorbents to allow for initial adsorbent screening in a particular process. A thorough set of adsorbent
characterisations can then be done for the most promising adsorbents. Works such as those by Young

et al. [43] and Wu et al. [44] have already begun to address this need.
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Appendices

Appendix 1. Literature review

The following tables summarise the physicochemical properties (Tables Al.1-A1.6) and sorption

properties (Tables A1.7-A1.12) of reviewed DAC adsorbents. When data was not available in the

reviewed article, best effort was made to find this data in other non-DAC publications / sources.

Some things to note:

€

indicates that data was not found

If there is only one entry in a cell, it implies that it applies to all functionalisation types and/or

loadings

Units for functionalisation loading were converted to mmoln gass' whenever possible (and

indicated with a footnote when not possible)

For thermal stability, “or >” indicates that this was the highest temperature used in the

conducted experiments but no explicit degradation temperature was provided

For Table Al.1, the data entries for unfunctionalised SBA-15 were not repeated in the

subsequent cells

For CO; uptake, the measurement technique is indicated along with the CO, concentration and

temperature conditions if these were not at 400 ppm and 25 °C, respectively

For gas isotherms, the measurement technique is indicated, along with the measurement
temperatures for O, and H»O. For CO, and N,, Y indicates that at least three isotherm

temperatures were measured

Temperature and relative humidity conditions are indicated for H,O stability studies where

available
Temperature and oxygen concentrations are indicated for O, stability studies where available

For O, stability, > 50% CO, indicates more than 50% of the CO, uptake capacity was
maintained, and < 50% CO» indicates less than 50% of the CO, uptake capacity was maintained.

For O, stability, low O uptake refers to the results of the O isotherm measurement.

Measurement techniques are indicated for kinetic and cyclic studies
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A1.1 Tables of physicochemical properties

Table Al.1: Summary of physicochemical properties of silica adsorbents investigated for DAC.

Name Functionalised Functionalisation pbed Pparticle Pskeletal SsET Viot Vmicro  Cp K Thermal Ref
(form) Loading (g cm™®) (g em®) (gem?) (m?gh (em3 g (em? g)(J gl °CY) (W m°C1) Stability
(mmolN gads-l) (OC)
1 SBA-15 DMAPS (g) 0,1.9,2.5 0.08 1, 0.6711, 2.08 1, 961, 1.19, - 0.69 21, 0.04 11, 1200 31, [4]
(powder) - - .- - - 386, 289 0.55,0.45 .- - -
(25 °C) (air)
2 SBA-15 n/a 0 - - - 490 12 - - - ; (5]
(powder) APTES (g) 2.6 267 0.63
AE-APS (g) 2.8 288 0.74
AE-AE-APS (g) 3.5,4.7 274, 115 0.66, 0.26
3 SBA-15 DT (g) 0,1.7,4.5, - - - 642, 458, 235, 1.03,0.82, 0.44 - - - - [6]
(powder) 5.1,5.7,6 166, 81, 16 0.30, 0.15, 0.03
4 SBA-15 PEI-600-B (i) 0, 33%2, - - - 526, 166, 0.96, 0.36, 0.027,0,- - 2000 [7]
(powder) 50%2, 67%° 17,8 0.03, 0.01 0,0 (N2)
5 SBA-15 n/a 0 - - - 700 0.96 - - - - (8]
(powder) ED-3 2.5,3.6,4.6, 309, 252, 152, 0.55,0.43, 0.26, 200
6.3,8.2 58,4 0.10,0
ED-6 3.5,5.1,69,8.5 279,169, 76,14  0.48,0.29, 0.13, 0.03 200
PD-3 2.9,3.5,47,59 274,212,116,26 0.56,0.38,0.21, 0.05 200
PD-6 3.3,4.5,6.0,7.9 275,204,98,20 0.45,0.34,0.18, 0.04 200
(N2)
6 SBA-15 n/a 0 - - - 643 1.14 - - - ; 9]
(powder) PEI-800 (1) 25%2, 50%2, 75%* 2006, 12,2 0.47,0.05, 0.003 200
TEPA (i) 25%2, 50%2, 75%* 250,174, 1 0.60, 0.35, 0.002 120
(N2)
7 SBA-15 n/a 0 - - - 840 0.94 - - - 250P [10]
(powder) PPI-HCI-B (i) 4.3 225 0.35 (N2/air)
PPI-CH3SO3H-B (i) 4.8 175 0.28
PPI-HBr-B (i) 4.5,5.5,69,7.4 229,129,73,29  0.36,0.22,0.13, 0.06
PPI-HCIO4-B (i) 54,74 154, 58 0.25, 0.08
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Name Functionalised Functionalisation pbed Pparticle Pskeletal SsET Viot Vmicro  Cp K Thermal Ref
(form) Loading (g cm™) (g cm™) (gem?d)  (m?gh) (em? g™ (em? gH)(J g'°CY) (W m °C!) Stability
(mmolN gads-l) (OC)
8 SBA-15 n/a 0 - - - 890 1.01 - - - 250P [11]
(powder) PPI-700-L (i) 1.5,2.8,4.4, 524,344, 315, 0.72, 0.60, 0.52, (N2/air)
59,75 181, 63 0.31,0.12
PPI-1000-L (i) 1.5,2.9,4.4, 610, 378, 308, 0.87,0.56, 0.48,
59,7.6 178, 45 0.30,0.10
PPI-6700-L (i) 2.0,3.7,5.3, 563,335,217, 0.77,0.54, 0.36,
7.1,8.7 108, 20 0.19, 0.04
PPI-36000-L (i) 1.7,3.6, 5.0, 522,416, 288, 0.75, 0.64, 0.46,
6.6,38.0 164, 61 0.28,0.11
9 SBA-15¢ n/a 0 - - - 890 1.01 - - - 2500011 112]
(powder) PPI-700-L¢ (i) 7.5 63 0.12 (N2/air)
PPI-6700-L° (i) 8.7 21 0.04
PPI-36000-L° (i) 8.0 61 0.11
10 SBA-15 n/a 0 - - - 684 0.95 - - - 250001 T12]
(powder) PPI-700-L4 (i) 6.8 18 0.03 (N2/air)
PPI-6700-L9 (i) 6.5 51 0.08
PPI-36000-L (i) 6.1 45 0.07
PPI-700/36000-L4 (i) 2.2,3.9,4.3,6.0 365,197,202, 67 0.56,0.30,0.31,0.01
PPI-700/36000-L4 (i) 1.9, 3.1 317,181 0.48,0.28
PPI-6700/36000-L¢ (i) 1.9,3.7,3.8,6.5 317,185, 117,32 0.49,0.29,0.18, 0.05
PPI-700/6700-L¢ (i)  2.4,4.2,5.7, 306, 179, 100, 0.48,0.28,0.15,
6.6,7.6 58, 50 0.09, 0.09
11 SBA-15 n/a 0 - - - 700 0.96 - - - 150° [13]
(powder) PGA (Xn=15) (i) 2.4,3.0,42 288, 229, 87 0.50,0.41.0.16 (air)
PGA (Xn =25) (i) 2.7,4.1,5.8,8.0 292,213,39,40 0.49,0.39,0.10, 0.09
PGA (Xn =50) (i) 2.7,3.6,47,5.4 283, 358,241,77 0.45,0.36, 0.26, 0.07
12 SBA-15 PEI-800-B (i) 0,44,72,8.1, - - - 700, 281, 164, 56, 0.96,0.47,0.29,0.17,- - - 200001 [13]
(powder) 9.9,10.8 14,2 0.05,0.01 (N2)
13 SBA-15 n/a 0 - - - 816 0.76 - - - - [14]
(powder) PEI-1800-B (i) 5.3,6.7,8.8, 256, 197, 68, 0.38,0.31,0.15, 120 (He)
9.6,11.2 10, 4 0.06, 0.02
PPG (i) 5.7,7.7, 10.6, 253,205, 81, 0.48,0.37, 0.20, 100
114,143 40,16 0.12, 0.07 (He)
14 SBA-15-il APS (g) 0,2.2 - - - 884, 240 1.09,0.38 - - - 350° [15]
SBA-15-cal 0,14 982, 326 1.12,0.47 (air)
(powder)
15 SBA-15 TEPA (i) 0, 67%° 443, - 1.4, - 1300061 17]
(powder) N2)
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Name Functionalised Functionalisation pbed Pparticle Pskeletal SsET Viot Vmicro  Cp K Thermal Ref
(form) Loading (g cm™) (g cm™) (gem?d)  (m?gh) (em? g™ (em? gH)(J g'°CY) (W m °C!) Stability
(mmolN gads-l) (OC)
16 SBA-15 n/a 0 - - - 829 1.04 - - - 110 or>* [18]
(powder) APS (g) 0.5,1.0, 1.1, 452,423, 356, 0.71, 0.68, 0.58,
1.4,2.1 352,302 0.49,0.34 110 or>P
AE-APS-L (g) 0.9,1.7,2.2, 423, 385, 317, 0.64,0.59, 0.52,
25,37 306, 280 0.51,0.42 110 or>b
AP-APS-L (g) 09,1.6,2.6,3.4 427,379, 292, 239 0.66, 0.58, 0.47, 0.40 110 or>®
AE-ESPE-B (g) 0.6,1.0,2.1,2.5 473, 423,377,288 0.71,0.70, 0.62, 0.50 110 or>®
AP-ESPP-B (g) 0.8,13,18,2.3 414,315, 283, 189 0.66, 0.54, 0.50, 0.34 (He)
17 SBA-15 n/a 0 - - - 880 1.00 - - - [19]
(powder) TETA (i) 3.3,59,83,11.2 396, 312,248, 124 0.68,0.61, 0.48, 0.23 70°
TPTA (i) 2.7,4.6,68,89 409, 367, 197, 106 0.75, 0.69, 0.36, 0.20 70°
El-den (i) 2.5,5.0,7.0,7.6 333,292,217, 186, 0.62, 0.56, 0.40, 0.35, 70°
8.5,11.0 98, 83 0.18,0.16
PI-den (i) 24,43,55, 282,284, 245, 0.54,0.55, 0.46, 70P
6.6,7.6,9.2 158, 63, 65 0.30,0.11, 0.13 (N2)
18 SG DT (g) 0, 0.35[200, 0.7-1.021 2,061, 309, 1.12, - 0.85-1.108[221 0.1-0.2h 23], [24]
(powder) 5.1 - - - 73 0.31 - - 150
(air)
19 SG n/a 0 see 19 see 19 see 19 294 1.04 - see 19 see 19 - [25]
(powder) TEPA (i) 2.0,5.0,58,11.3 247172,147,33 0.76,0.59,0.54,0.16
PEI (i) 7.8,10.0 30,8 0.09, 0.04
APTES (g) 1.1,2.4,3.0 196, 119, 63 0.66, 0.35,0.23
20 SG PEI-10000 10.0 - - - 33 0.242 - - - 240 [26]
(monolith) PEI-25000 12.1 17 0.141
PEI-750000 8.6 75 0.603
21 SG PD (i) 0, - 0.14,0.50 - - 594,293 1.64,0.63 - - - -, 200 [27]
SG/PEG 0, - 0.18,0.52 756, 171 2.66, 1.23 -, 200
SG/CB 0, - 0.19,0.71 798, 174 3.21,0.64 -, 200
(xerogel
powder)
22 MCM-41 PEI-800 (i) 0,0.21, 0.3}, - - - 350,232, 126,  0.99, 0.60, 0.36, - - - [28]
(powder) 0.5,0.6', 0.6 58,2, - 0.18,0.01, -
23 FS n/a 0 0.05 291 2.2k 179 0.45 - 0.79-0.8591  0.02-0.06 21 200039 [31]
(powder) (10-50 °C) (50-200 °C)
APS 1.7,3.3,3.5, - 87, 56, 35, 0.74, 0.58, 0.50, - 300 (N2)
65 %, 4.7 03,2 0.01, 0.03
APS-CTABS5 3.5,65%,47 - 21,22,3 0.33, 028, 0.04 - 300 (N2)
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Name Functionalised Functionalisation pbed Pparticle Pskeletal SsET Viot Vmicro  Cp K Thermal Ref
(form) Loading (g cm™) (g cm™) (gem?d)  (m?gh) (em? g™ (em? gH)(J g'°CY) (W m °C!) Stability
(mmolN gads-l) (OC)

24 MFS PEI-1200 + EB (i) 6.7 0.8 - - 43 1.7 - - - [32]
(powder)

25 SiO2 PEI-800-B (i) 0,0.9! 0.07033, - 0.8B4 - - 282, 84m 1.25,0.40™ - - - 200° [35]
(C-803) (N2/air)
(powder)

26 SiO: PEI-800-B (i) 0,0.9' - - - 49, 11m 0.44,0.10™ - - - 260,200 [35]
(C-803) (N2/air)

(CA fibre
composite)

27 MCF a" PEI-1200-B (i) [37]
(powder, pellet) 0, 0.6 0.10 0361, - 2.11,1.25 594,3 3.21°,0.020° - - - -

MCF b°
(powder, pellet) 0,0.5 0.10 03¢, - 2.15,1.26 453,4 2.497,0.021P

28 HBS DT (g) 0,7.9 - - - 612,28 1.59,0.19 - - 150° [38]
(powder) (He/air)

29 HMS n/a 0 - - - 448 4.52 - - - 2000331 [39]
(powder) PEI-800-S H LV (i) 0.4%0.9) 1.7}, 2.0, - - (N2/air)

3.3, 4.1, 4.7
PEI-800-R_ L HV (i) 0.3%,0.8%, 1.0%, 1.41 - -
2.0, 3.1

30 SAG n/a 0 0.07-0.087[401 0.12-0.15#111.8-2.0 41 186 0.53 - 0.70-1.15M9  0,01-0.02 ™31 - [44]

(powder) K2COs (i) 0.79,0.99, 1.29, - - - 60, 48, 10, 0.21, 0.01, 0.08, - -
1.39,1.54 1,1 0.002, 0.001

31 MMSN TEPA (i) 0, 48 %°* - - - 981, - 1.90, - 0.78,- - 0.54t431 ~ 100° [46]
+CTACI10 0, 48 %* 933, - 1.65, - 0.72, - - (02)
+CTAC20 0, 48 %* 608, - 1.15, - 0.45, - -
+CTAC30 0, 48 %° 431,19 0.72,0.12 0.28, - -

(powder)

32 EtSNT PEI-600 (i) 0,11.2 - - - 855, 185 2.11,0.93 200° [47]
(powder) (air)

33 AHSA APTES (g) 7.6 0.12 - 2.12 146 1.52 - - - 280 [48]
(monolith)

34 SiNP-SIP PEI-2000-b (g) - - - - - - - - - 120 or> [49]
(powder) N2)

35 AHTSA APTES (g) 5.3,7.9, 0.13,0.12, - 2.21,2.21, 374, 170, 7.18, 7.68, - - - 230 or> [50]
(monolith) 8.5,8.8 0.11,0.11 222,222 138,66 8.48, 8.81 N2)

atheoretical PEI wt%
Y not relevant for 0 functionalisation loading
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¢ material aged for 1.5 years
dmaterial aged for 2 years

¢ theoretical TEPA wt%

fdata for type a++ silica gel

¢ data is for pellets

h data for dried silica gel, form unclear
immolpgr g!

i theoretical APS wt%

kK given as specific gravity
'mmolper g'sio2

™ m? glsion

" synthesis method A

¢ synthesis method B

P data given as mesopore volume
4mmolkacos g!

" data given for granules

S TEPA wt%

t data for 20 nm silica nanoparticles

201



Table A1.2: Summary of physicochemical properties of metal oxide adsorbents investigated for DAC.

Name Functionalised Functionalisation Phed Pparticle  Pskeletal  SBET Vot Vmicro Cp K Thermal Ref
(form) Loading (g cm™) (gem?) (gemd) (m?gh) (em’ g (em’ g™ Jgt°Clh (W m!°C?') Stability
(mmolx gags™) (°O)
MgossAl-0-a®> PEI-600-B (i) 0, 33%", - - - 185, 110, 1.15,0.64, 0.01,0.01, -, -, - 300° [7]
(powder) 50%°, 67%" -, 0.54 511 31,20 0.26, 0.02 0.01,0.002 -, 1.9351 N2)
Mgo.ssAl-O-a*  APS (g) 0,2.3 - - - 538, - 1.42, - 0, - - - - [52]
MgrAl-0O-a? 0,3.7 252, - 0.85, - 0, -
(powder)
MgAl-O-urea? AE-AE-APS (g) 0,0.5 - - - 15,9 0.05,0.02 0.001, 0.002 - - - [52]
Mgo.55Al-O-w* 0,1.8 78,11 0.18, 0.06 0.001, 0
MgAl-O-w*® 0,22 71,20 0.41,0.15 0, 0.003
Mg3;Al-O-w*® 0,1.2 53,20 0.40, 0.24 0.01, 0.003
Mgo.ssAl-O-a? 0,6.4 538, 162 1.42,0.55 0,0
Mg>Al-O-a? 0,4.3 252,53 0.85,0.25 0,0
Mg3Al-O-a? 0,2.1 158, 37 0.84,0.23 0.02,0
Mgo.ssAl-O-Ff 0,4.8 341, - 0.97, - 0, -
Mg2Al-O-Ff 0,4.7 218,70 0.76,0.51 0,0
(powder)
Mg0.5sA1-O TEPA (i) 0, 33%¢, 50%¢, - - - 442, 144,37,  2.15,0.78,045, - - - 120 or> [17]
67%¢, 83%:¢ 10, - 0.14, - N2)
MgiAl-O 0, 33%¢2 422, - 1.78, -
Mg2Al-O 0, 33%¢2 302, - 1.32, -
MgsAl-O 0, 33%¢ 299, - 1.30, -
Mgo.ssAl-CO3 0, 33%¢, 50%¢, 67%*2 - -
MgO 0, 33%¢ 21, - 0.19, -
(powder)
v-ALOs n/a 0 0.80 >3 1.9904 397051 225 0.39 - 0.81-0.98 361 351571 1050 81 [59]
(powder) (25-120 °C)
NaxCO3 + Ni(NOs)2 (1) 15%" + 10%! - - - 121 0.31 - - 450 or >
(air)
v-ALO3 NaO (i) 6% - - - - - - - - 320 or> [60]
(powder) NaO + Ru (i) 10%’ + 0.5 %~ 320 or>
(air)
v-ALOs NaO + Ru (i) 10% + 1% - - - - - - - - 300 or> [61]
(powder) CaO + Ru (i) 10%% + 1%! 300 or >
(N2/H2)
v-AlO3 TEPA (i) 0, 50%¢ see 5, - see5,- see5,- 170, - 0.79, - - see 5, - see 5, - 120 or > [17]
(powder)
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Name Functionalised Functionalisation Pbed Pparticle  Pskeletal ~ SBET Vot Vmicro Cp K Thermal Ref
(form) Loading (g cm™) (gem?) (gemd) (m?gh) (em’ g (em’ g™ Jgl°Clh (W m'!°C?) Stability
(mmoly gass™) ©C)
9 y-AlLOs K2COs (1) 0, 1.6™ see 5, - see 5,- seeS,- 240, - - - see 5, - see 5, - 350 or> [62]
(powder) (H2)
10 y-ALO3-O" APTES (g) 0, 0.9v, 2.0, - - - 22649, 23449, 1884, 0.97", 0.92%, 0.78", - - - 110 or> [63]
3.2, 54p 2169, 1124 0.77", 0.48" (He)
v-Al203-D° 0, 0.7°, 1.5P, 3224,2954, 2639, 0.85%, 0.79%, 0.67",
(powder) 2.99, 4.1 2979, 2249 0.69", 0.46"
11 ZrO2 K2COs (1) 0,0.7™ 1.2™, 0.168064 - - 119, 86, 63, 0.58,0.19,0.14, - - 0.02-0.18" 300 or> [65]
(aerogel powder) 1.7m 2.1m - - 46,43 0.13,0.11 [43] (Ar)

2 exfoliated LDH

 PEI theoretical wt%

¢ not relevant for 0 functionalisation loading
dbulk LDH

¢ stacked LDH

fultrafine LDH

¢ TEPA theoretical wt%

" theoretical wt% of y-alumina

! theoretical wt% of Na- y-alumina
I NayO theoretical wt%

kNa20 and Ru theoretical wt%
'Ca0 and Ru theoretical wt%

™ mmolkacos g

"ordered alumina

° disordered alumina

Pmmol g alumina

4m? g_lalumina

"em? g-la]umina

s data for monolithic material

t for unfunctionalized ZrO>
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Table A1.3: Summary of physicochemical properties of MOF adsorbents investigated for DAC.

Name Functionalised Functionalisation pbed Pparticle Pskeletal SBET Vot Vmicro Cp K Thermal Ref
(form) Loading (gem?d) (gem?d)  (gem?) (m?gl) (em’ g (ecm3gh) Jg'°C!) (Wm'°C") Stability (°C)
(mmoln gads_l)
1 NbOFFIVE-1-Ni n/a 0 0.4 1661 1.96 - 278 0.095 - - - 300 [67]
(powder) (N2)
2 NbOFFIVE-1-Ni/PA n/a 0 0.48 - - 219 0.194 - - - 340 [66]
(beads) (N2)
3 TIFSIX-3-Ni n/a 0 - - - 209 [68] - - - - 280 (N2) or  [70]
(powder) 220 (air) (¢
4 TIFSIX-2-Cu-i n/a 0 - 1.2701 - 590 - - - - 250071 [72]
(powder)
5 SIFSIX-18-Ni-B n/a 0 - 1.31 - 549 - - - - 300 [73]
(powder) N2)
6 SIFSIX-3-Ni HPMCP (c) 0, 5% - 1.6171 - - 220, - 0.15074, - - 1.o7074, - - 200 [75]
(powder) N2)
7  SIFSIX-3-Cu [78]
(powder) n/a 0 - 1731701 - 300 0.104 077 - - - 120
(MF monolith) - 270 - 160
(N2)
8 TIFSIX-3-Co n/a 0 - 1.62 - 260 0.11 - - - 245 [79]
(powder) N2)
9  GeFSIX-3-Ni n/a 0 - 1.77 - 221 0.093 (801 - - 340 [81]
(powder) N2)
10 GeFSIX-3-Co n/a 0 - 1.73 2570 0.097 (801 255 [80] [81]
(powder) (N2)
11 MOF-74-Ni [83]
(powder) n/a 0 0.44121 1190701 1,888 1180 0.51 0.51 1.07074 0.09-0.16 450
[82]
(monolith, 20% binder) - - - 737 0.32 0.32 - (30-150 °C) 250
- N2)
12 UTSA-16(Co) [83]
(powder) n/a 0 - 11384 727 0.29 0.29 1.07 0741 - 380 (N2)
(monolith, 15% binder) - 568 0.29 0.23 - 310 (N2)
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Name Functionalised Functionalisation pbed Pparticle Pskeletal SsET Vitot Vmicro Cp K Thermal Ref
(form) Loading (gem?d) (gem?d)  (gem?) (m?gl) (em’ g (em®g!) Jg'°Cl) (Wm'!°C") Stability (°C)
(mmolN gadgs™)
13 Coz(dobdc) — MS, n/a 0 - - 625 - - 0.71-0.88 1831 - 250-300 [86]
irregular crystals (25-125 °C)
Coz(dobdc) — ST, n/a 0 - 786 - 250-300
irregular crystals
Coz(dobdc) — MS, pyrazine (g) 0,1.8 1.17,1.17 825, 1220 - 250-300, 400
hexagonal crystals (N2)
(powder)
14 MIL-101(Cr) n/a 0 0.281B7  0.431881 1,981 2400 1.17 - 0.528 0.05-0.10 300 (N2 [92]
(powder) (25°0) 0]
TEPA (i) 4.0 - - 520 0.32 - (30-200 °C) -
PEI-800-B(i) 5.5 - - 480 0.27 - - -
15 MIL-101(Cr) n/a 0 - - 2200 1.12 - - - - [92]
(monolith, 20% binder) TEPA (i) 0.8,3.5 1400, 470 0.76, 0.25
PEI-800-B (i) 3.2,5.3 1230, 460 0.68, 0.26
16 MIL-101(Cr) n/a 0 0.56 - - 1.16 - - - 200 or > [87]
(monolith, 25% binder) (air)
17 MIL-101(Cr) TAEA (g) 2.6 - - - - - - - - [93]
(powder) TAEA (i) 5.7 - - - 110 (He)
PEI-800-B (i) 0,0.2,0.4, 3340, 2480, 2140, 2.2,2.1,2.0, - -
0.8,1.0, 1.1, 1055, 727,560, 1.5,1.4,1.2,
1.3,1.8 -, 31 -, 0.7
18 MIL-101(Cr) PEI-800 (i) - 0.5 - - - - 0.89 0.32 [94]
(film coating on cordierite
monolith)
19 MIL-101(Cr)-SOsH TAEA (g) 0,1.2 - 0.4319%, - 1362191 - 1.69 161, - - - - 320001, - [97]
(powder)
20 Zn(ZnOH)s(bibta)s n/a 0 - - 2522 - - - - 400 (N2) [98]
(powder)
21 ZnaNis(OH)4(bibta)s n/a 0 - - 2285 - - - - 400 (N2) [99]
(powder)
22 ZnCos(OH)4(bibta)s n/a 0 - - 1930 - - - - 320 (N2) [99]
(powder)
23 Zns(OH)a(bbta);_a® n/a 0 - - 1024 - - - - 300 (N2) [100]
Zns(OH)4(bbta);_b¢ 1122

(powder)
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Name Functionalised Functionalisation pbed Pparticle Pskeletal SsET Vitot Vmicro Cp K Thermal Ref
(form) Loading (gem?d) (gem?d)  (gem?) (m?gl) (em’ g (em®g!) Jg'°Cl) (Wm'!°C") Stability (°C)
(mmolN gadgs™)
24 Zns(OH)4(btdd)s_a® n/a 0 - - - 2613 - - - - 400 (N2) [100]
Zns(OH)4(btdd)s_b¢ 2882
(powder)
25 Zn235Nizes(OH)4(btdd)s_a® n/a 0 - - - 3204 - - - - 330 (N2) [100]
Zn2.35 Nizes(OH)4(btdd); b? 2491 -
(powder)
26 Mga(dobpdc) n/a 0 - 0.58mon 3934 - - - - 400101 [102]
(powder) pn (g) 151 %° - - N2)
mpn (g) 135 %°® 1.12 -
27 Mg(dobpdc) n/a 0 - see 26 - see 26 - - - - see 26 [103]
(powder) mmen (i) - - - -
spermine (i) - - - -
28 Mg(dobpdc) n/a 0 - - - 960 34 - - - - [103]
(fiber) mmen (i) - 96 -
spermine (i) - 96 -
29 Mgz(dobpdc) mmen (g) - - 0.86 - - - - - - - [104]
(powder)
30 Mg(dobpdc) mmen (g) - 0.5 - - - - - 0.89 0.32 - [94]
(film coating on cordierite
monolith)
31 Mgz(dobpdc) [93]
(powder) mmen (g) 7.3 - 0.86f11011 894 0.85f1101 - - - -
(film coating on cordierite - -
monolith)
32 Mga(dobpdc) spermine (g) 0, - see 26, - 3980, 1.25 001, - - - see 26, [105]
(powder) 94%2 1.04 - - 250
(N2)
33 Mgz(dobpdc) nmen (g) - - - - 812-1208 0.46 - - - - [106]
(powder) een (g) 0.33
ipen (g) 0.47
34 Mg>(dobpdc) 2-ampd (g) - - 1.24 - 618 - - 1.69" - 190 (N2) [107]
(powder) (40-140 °C)
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Name Functionalised Functionalisation pbed Pparticle Pskeletal SsET Vitot Vmicro Cp K Thermal Ref
(form) Loading (gem?d) (gem?d)  (gem?) (m?gl) (em’ g (em®g!) Jg'°Cl) (Wm'!°C") Stability (°C)
(mmoly gaas™)

35 Mgz(dobpdc) epn (g) - - - - - - - - - 160 [108]
(powder)
(SBS membrane)
-60 wt% MOF
-70 wt% MOF
-80 wt% MOF
(SBS spray coating)
-on Ti mesh
-on HEPA fileter
-on AC granules

36 Mg-MOF-74 hydrazine (g) 0, - 0.92, - 1495 11091 0.67, - 0.74-1.02 01101 400 M (N2), [112]
(powder) (0-200 °C),
12.0 1.18 1012 0.30 2.01 250 (N2)

2 HPMCP theoretical wt %

® Langmuir surface area

¢ TBAOH synthesis

4 NaHCOs synthesis

€% diamine loading

fdata for sample with 7.4 mmol/g loading

£% functionalisation loading per 2 Mg?*

h average heat capacity for given temperature range
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Table A1.4: Summary of physicochemical properties of carbon adsorbents investigated for DAC.

Name (form)  Functionalised Functionalisation Pbed Pparticle  Pskeletal SBET Viot Vmiecro  Cp K Thermal Ref
Loading (g em?) (gem?d) (gem?) m?gh) (emig?) (em?g!) (Jg'°C) (Wm'°C') Stability
(mmolx gadas™) ©0)
1 sawdust biochar n/a 0 - - - - - - - - 500 [113]
(powder)
2 AC (monolith) KoCOs (i) 0, 0.4 0.5701141 - - - 729, - 0.41,- 0.29,- 0. 710141 g4 . -, 210 0r>  [115]
- (N2)
(24 °C)
3 AC (monolith)  K2COs (i) 0.4%,0.4° 0.41,0.40 - - - - - - - 210 or > [116]
NaxCO:3 (i) 0.5° 0.41 N2)
4 CB(PBX-51) K2CO3+MF+BCA 0, 17%°+17%°+33%°  0.02-0.38 17 - - 1.7-1.94007 1441, 315 - - - - 35o0r> [118]
(powder) >i) (N2)

2 mmolk2cos g™!

> mmolna2cos g!

¢ theoretical wt % of each component
4 given as specific gravity
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Table A1.5: Summary of physicochemical properties of zeolite adsorbents investigated for DAC.

Name (form)

Functionalised Functionalisation pbed

Loading
(mmoln gads_l)

(g em?)

Pparticle

(g em?)

Pskeletal

(g em?)

SBET
(m*g™)

Vot
(em® g™)

Vmicro

(em® g™)

Gy
dg'ch

K
(W m'°C?)

Thermal
Stability (°C)

Ref

H-ZSM-5
(powder)

TEPA (i)

0,4.8

0.551191, -

1.78 1191 -

22911201,

275,22

0.22,0.17

0.18,0.16

0.801211
(60-140 °C)

0.3 [122]’ _

750 (air) [123], -

[124]

SAPO-34
(powder)

TEPA (i)

0,4.1

0.7201251 .

1.5-1.8 1261 2261271 -

449, 35

0.24,0.15

0.19,0.12

0.95+11281

0.25°1128],

[124]

NHsY
(powder)

TEPA (i)

0,53

335, 18

0.21,0.15

0.11,0.10

[124]

NH4Y
(powder)

ED (g)

0,5.6

628, 270

0.28,0.12

-, 180 (He)

[129]

13X (powder)

n/a

0.69 871

1.43 01301

2300130

770

0.31

0.31

0.84 11321

0.08-0.13 1321
30-70°C)

800 or >[133]
N2)

[134]

13X (monolith)
-20% binder
-15% binder
-10% binder

n/a

498
517
571

0.24
0.27
0.27

0.22
0.25
0.26

[134]

13X
(monolith,
25% binder)

n/a

1.1

0.46

G5CO2MP
APG-III*
Ca-X
Na-LSX
Z10-01¢
7Z10-02ND¢
Na-X-HPf
(pellet)

n/a

see 5

6.68 [135]
0.6321136]
see 5

see 5

1.03
1.07
1.04
1.08
1.04
0.98
1.07

see 5

E).92 (135]
0.92 [136]
see 5

see 5

see 5

see 5

350 or >
(He)

5A (powder)

n/a

0.65 1381

1.481130]

2,041

705

0.29

0.29

0.92 1401

0.1020141]
(10 °C)

800 or >[133]
(N2)

[134]

SA (monolith)
-20% binder
-15% binder
-10% binder

n/a

395
504
543

0.19
0.24
0.26

0.18
0.23
0.25

[134]

NaCaA-85
(powder)

n/a

727 (air)

[142]
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12 BaMFI n/a 0 - - - 600 or > [143]
SrMFI 600 or >
CaMFI 600 or >
(powder) (vacuum)

2 data for SAPO materials in general

b commercial 13X from CECA Arkema Group

¢ commercial 13X from Honeywell UOP marketed for air prepurification
4 commercial 13X from Zeochem

¢ commercial 13X from Zeochem marketed for air prepurification
fcommercial 13X from Hengye

¢ data is for granulates
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Table A1.6: Summary of physicochemical properties of polymer adsorbents investigated for DAC.

Name (form) Functionalised Functionalisation  puea Pparticle  Pskeletal SBET Viot Vmicro  Cp K Thermal Ref
Loading (g cm™) (g em?) (g emd) (m? g) (ecm3g?) (emPg!) (Jg'°Cl) (Wm'°C") Stability (°C)
(mmoln gads_l)

1 Lewatit VP OC 1065 BA (g) 6.1 0.63-0.712 0.88 - 50 0.27 - 1.58 0.43 1441 150 (No) 1431 [147]

(beads) or 110 (air)
[146]

2 Purolite A109 1° amine (g) 43 0.66-0.692 [148] 1.050[148] 46°¢ 0.03 - - - 120 (N2) [149]
(beads)

3 Purolite A500 [151]
(beads) QA (g) - 0.67-0.702 1501 . 1.080 [150] - - - - 100 159
(dense fibres) - - -

(porous fibres) - - -

4 IER from - - - - - - - - - - - [151]
Snowpure LLC
(film)

5 XAD-4 2[N(CH3)4]"CO3% (g) 0,0.9 0.68201521 - 1.08 1551 - 808, 975 1.04,1.24 - - - 24901551 - [156]
XAD-16 0,1.0 0.72a01531 - 1.08U%1 - 864,967  0.92,0.71 24901551 -
XAD-1180N , 1.0 0.662 154~ 1.020%4 - 662, 636 1.11,0.62 15001531 -

(beads)

6 D201 (beads) QA (g) > KsPO4(ie) 3.9 0.66-0.732[157] 1.090 (1571 9d [149] 0.02401491 - - - [158]

7 Resin from Knowledge PEI-600 (i) 0, 20%°¢ - - - 565,20 0.72,0.39 - - - - [159]
& Benefit Sphere Tech.

Co., Ltd.
(beads)

8 MRI0 (beads) PEI-600 (i) 0,104 - - - 590, 16 1.30,0.30 - - - - [160]

9 Resin from 1° amine (g) 4.7 0.45 0.72 - 32 [161] - - 1.58 - 100 or > [162]
Oy Hydrocell Ltd. N2)

(beads)

10 QCPS-1/PES QA (g) » NaxCOs (ie) 2.0 - - - 0.02f - - - - - [163]
QCPS-2/PES 2.2 16 0.35F
QCPS-3/PES 2.1 10f 0.23f
(film)

11 NFC (powder) APDES (g) 34 0.055 0.0618  1.58 12 - - 2.07 0.04 - [166]

[164, 165]
12 NFC (powder) APDES (g) 3.1 - - - 18 - - - - - [167]
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Name (form) Functionalised Functionalisation  pbed Pparticle  Pskeletal SBET Vot Vmicro  Cp K Thermal Ref
Loading (g cm™) (g em?) (g emd) (m? g (em®*g!) (em?g!) (Jg'°C!) (Wm'°C') Stability (°C)
(mmolN gadgs™)
13 BC (powder) CHPTAC (g) > 0,0.4,04,0.6 - - - - - - - - - [168]
Na2COs (ie)
14 PAN TEPA (g) 0, 15%", - - 1.181091 _ 19,18, 0.13,0.11, - - - 300, 150, 150, [170]
(hollow fibre) 39%", 58%" 15,12 0.09, 0.06 150
15 PAN/PMMA TEPA (g) 0, 75%" - - - 11,45 0.04,0.01 - 1.310710 0,07i071 - 300, 150 [170]
(hollow fibre) }
16 PEI "snow" n/a 0 0.5-0.6% - - - - - - - 300 0r>(N2) [172]
(powder)

2 for wet sample
b given as specific gravity

¢ after 4 h of drying (Sser reduced to 26 m? g! after 50 h of drying)
4 for non-ion-exchanged sample

¢ PEI theoretical wt %
fvalue for QCPS powder

g for NFC functionalised with N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane (AEAPDMS)

" TEPA % grafting
ifor PAN in powder form

ifor a PAN / 5% PMMA solid fibre

X tap density
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A1.2 Tables of sorption properties

Table A1.7: Summary of sorption properties of silica adsorbents investigated for DAC.

Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic  Cyclic Ref
(form) Loading 400 ppm, 25 °C (kJ mol) ‘c(, N2 0, H.0 (mmol g") H,0 0 data studies
(mmolx gags™) (mmol g) cO c0) g&(ljt)%RH, (%RH, °C)
1 SBA-15 DMAPS (g) 0, - 20071y sl N N Y 114, Y 74 Y, N [4]
(powder) (G, 30) (90 %, 35),
19,25 0.01, 0.01 - - 39,15 Y+ Y+ N, N
(G, 10 000 ppm, (at 0.4 (49 %, 30) (49 %, 30) (TGA)
30 °C) mmol g'!)
2 SBA-15 n/a 0 - - N N N - - - N N [5]
(powder) APTES (g) 2.6 0.3 Y+ Y
AE-APS (g) 2.8 0.3 Y+ Y
AE-AE-APS (g) 35,47 02,03 Y+ Y
V) (24 %, 25) (TGA)
3 SBA-15 DT (g) 0,1.7,45, -, 03,04, - N N N - - - N,Y,Y N [6]
(powder) 5.1,5.7,6 0.6,0.6,0.5 Y,Y,Y
(G, 45 °C) (TGA)
4 SBA-15 PEI-600-B (i) 0, 0.01 - N N N - - - N N [7]
(powder) (V, 10 000 ppm),
33%P, 50%°, 67%" 1.1,1.5,1.9
(%)
5 SBA-15 n/a 0 - - N N Y 47 - - N N [8]
(powder) ED-3 2.5,3.6,4.6, 0.1,0.3, 0.6, N,N,N, - - - -y - - Y N,N,N, Y,
63,82 0.8,09 N, Y -, 28 - Y+ <50% COo, - N
ED-6 3.5,5.1,6.9, 0.2,0.4,0.5, N - - - Y N, N, N,
8.5 0.4 Y
PD-3 2.9,3.5,4.7, 0.1,0.2,0.4, N - - - Y N, N, N,
5.9 0.6 <50 % CO2 Y
PD-6 3.3,4.5,6.0, 0.2,0.2,0.3, N - - - Y N, N, N,
7.9 0.3 (G, 35) (94 %, 35)  (30%, 25) (after21 % (TGA) Y
(G, 35°C) 02, 110 °C) (TGA)
6 SBA-15 n/a 0 0.1 - N N N - - - Y N [9]
(powder) PEI-800 (i) 25%2, 50%°, 75%* 0.7,1.3,1.9 Yv441175) (TGA) Y
TEPA (i) 25%*, 50%:, 75%* 0.9, 2.3, 3.4 (G) Y44 0175) Y
(52%, 45) (TGA)
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02, 110 °C)

Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic  Cyclic Ref
(form) Loading 400 ppm, 25 °C (kJ mol™) ‘c(, N 0, H.0 (mmol g') [,0 0: data studies
(mmolN gads'l) (mmol g'l) o) o) (at %RH, (%RH, °C)
OC)
7 SBA-15 n/a 0 - - N N N N - - N N [10]
(powder) PPI-HCI-B (i) 43 0.1 >50% CO> N N
PPI-CH3SOsH-B (i) 4.8 0.1 >50% CO2 N N
PPI-HBr-B (i) 45,55,69,74 02,02,-,0.8 >50%CO2 N,N,Y,YNNN,N,Y
PPI-HCIOs-B (i) 54,74 0.2, - <50% CO2 N N
(G, 35°C) (after air,  (TGA) (TGA)
110 °C)
8 SBA-15 n/a 0 - - N N N N - - N N [11]
(powder) PPI-700-L (i) 1.5,2.8,4.4, 0.04,0.1,0.2, - N, N, N, N >50%CO2 N,N,N, N
59,7.5 0.7,12 N, Y N, Y
PPI-1000-L (i) 1.5,2.9, 4.4, 0.1,0.1,03, - - - N, N, N, N, N, N, >50%C0O2 N,N,N, N,N,N,
59,76 0.7,1.3 -, 105 N, Y N, Y N, Y N, Y
PPI-6700-L (i) 2.0,3.7,53, 0.1,02,05, - N, N, N, N >50%CO2 N,N,N, N
7.1,8.7 09,12 N, Y N,Y
PPI-36000-L (i) 1.7,3.6,5.0, 0.04,0.1,04, - N N >50%CO2 N,N,N, N
6.6, 8.0 0.8, 1.1 (after21% N, Y
(G, 35 °C) V) (V, 35) 02, 110°C) (TGA)  (TGA)
9 SBA-15° n/a 0 - - N N N N - - N N [12]
(powder) PPI-700-Le (i) 75 - >50 % CO2
PPI-6700-L¢ (1) 8.7 1.0 >50% CO2
PPI-36000-Le (i) 8.0 0.9 >50% CO2
(G, 35°C) (after air,
RT)
10 SBA-15 n/a 0 - - N N N N - - N N [12]
(powder) PPI-700-Lf (i) 6.8 0.9 >50% CO2 N Y
PPI-6700-Lf (i) 6.5 0.7 >50% CO2 N Y
PPI-36000-Lf (i) 6.1 0.8 >50% CO2 N Y
PPI-700/36000-Lf 2.2,39,4.3, 0.2,0.2,0.3, -y Y N, N, N,
(50:50 ratio) (i) 6.0 0.7 >50 % CO> Y
PPI-700/36000-L_75f 1.9,3.1 - - Y N
(75:25 ratio) (i)
PPI-6700/36000-Lf 1.9, 3.7,3.8, 0.02,0.3,0.2, -, Y N, N, N,
(50:50 ratio) (i) 6.5 0.8 >50 % CO» Y
PPI-700/6700-Lf 2.4,42,5.7, 0.03, 0.3, 0.6, -, Y N, N, N,
(50:50 ratio) (i) 6.6, 0.7, > 50 % CO», Y,
7.6 1.0 - (TGA) Y
(G, 35 °C) (after 21 % (TGA)
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Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic  Cyclic Ref
(form) Loading 400 ppm, 25 °C (kJ mol™) ‘c(, N 0, H.0 (mmol g') [,0 0: data studies
(mmolx gags™) (mmol g) o) o) g&(ljt)%RH, (%RH, °C)
11 SBA-15 n/a 0 - - N N N Y 42.8 - - N N [13]
(powder) PGA (Xn=15) (i) 2.4,3.0,42 0.1,0.3,0.7 N N - - N N, N, Y
PGA (Xn=25)(i) 2.7,4.1,5.8,80 0.1,02,0.6,0.6 N N - - N NN, Y, N
PGA (Xn =50) (i) 2.7,3.6,4.7,54 0.2,0.6,0.6,0.6 N,Y N,Y,N,N - 20.7, -, - >50%CO2¢ N, Y,N,NN,N,N, Y
(G, 35°C) ) (G,35) (90 %, 35) (after21 % (TGA)  (TGA)
02, 110 °C)
12 SBA-15 PEL-800-B (i) 0,44,72,81, -02,08,1.0, - N,N, Y, N,N N N,N,Y, --23.1, - Y+073 _ N.N,Y, N [13]
(powder) 9.9,10.8 1.2,1.4 (G, 35 N, N N,N,N - - - (52%, 45) N,N, N
°C) V) (G,35) (95 %, 35) (TGA)
13 SBA-15 n/a 0 R - N N N N - - R N N [14]
(powder) PEI-1800-B (i) 5.3,6.7, 8.8, 0.1,0.4,0.9, - =99, Y,NY, N,NY,
9.6,11.2 0.9,1.1 - - N, Y N, N
PPG (i) 57,77,106,  0.1,03,05, - - - N,Y,Y, N,N,N,
11.4,14.3 0.6, 0.6 -, 70 N, Y N, Y
(G, 30 °C) (TGA) (TGA)¢
14 SBA-1541  APS (g) 0,22 05 (V) -, 90 N, Y N N N - YA ; N,Y (PB) N, Y [15]
(at 0.3 (TGA)E
mmol g)
SBA-15-cal 0,14 - 0.2 (V) 77 N, Y e N,Y (PB) N
(powder) (at 0.1
mmol g!) (60 %, 25)
15 SBA-15 TEPA (i) 0, 67%" S 18(G) ; N N N N - Y N N, Y [17]
(powder) (TGA)
16 SBA-15 n./a 0 - - N N N N - - - N N [18]
(powder) APS (g) 0.5,1.0, 1.1, 0.02,0.03, 0.1, >50% CO2 Y! Yi
1.4,2.1 0.1,0.2
AE-APS-L (g) 09,1.7,22, 0.02,0.1,0.1, >50 % COz Y yi
2.5,3.7 0.1,0.4
AP-APS-L (g) 0.9, 1.6, 2.6, 0.03,0.1 0.1, >50% CO2 Y! Yi
3.4 0.6
AE-ESPE-B (g) 0.6,1.0,2.1, 0.02,0.04, 0.2, >50% CO2 Y! Yi
2.5 0.3
AP-ESPP-B (g) 0.8,1.3, 1.8, 0.1,0.1,0.2, >50% CO2 Y! Yi
2.3 0.4 (after 21 % (TGA)  (TGA)

02, 110 °C)




Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic  Cyclic Ref
(form) Loading 400 ppm, 25 °C (kJ mol™) ‘c(, N 0, H.0 (mmol g') [,0 0: data studies
(mmolx gags™) (mmol g) o) o) g&(ljt)%RH, (%RH, °C)
17 SBA-15 n/a 0 0.02 - N N N N - - - N N [19]
(powder) TETA (i) 33,5.9,8.3, 0.1,04,1.2, Y+IO76 <50 % CO2 N, N, N,
11.2 2.1 (75) Y
TPTA (i) 2.7,4.6,6.8, 0.1,04,1.2, - >50 % CO2 N, N, N,
8.9 1.9 Y
El-den (i) 2.5,5.0,7.0, 0.02,0.1,0.3, - <50 % CO2 N, N, N,
7.6,8.5,11.0 0.3,04,09 N,N,Y
PI-den (i) 2.4,43,55, 0.03,0.1,0.3, - >50 % CO2 N, N, N,
6.6,7.6,9.2 0.5,0.6,1.3 (after 21 % N,N,Y
(G, 35 °C) 02, 110 °C) (TGA)
18 SG DT (g) 0,5.1 -, 0.8 231077 yUBy YK N YIPILNY,N 18.9, - Y, Y+ - N, Y N, Y [24]
(powder) (D, 415 ppm) V) mm v, (G, 30) 1301 (77 %, 25) (60 %, 25) (PB, TGA) (TGA)"
0,100) (V™ 0,25,
50, 75) 1781
19 SG - 0 - see 18 see 18 see 18 see 18  see 18 see 18 see 18 - N N [26]
(powder) TEPA (i) 2.0,5.0,58,11.3 0.2,1.1,14,2.1 - - - - - - - Y+, Y (PB) N,N,Y,N
PEI (i) 7.8,10.0 12,14 - - - - - - - N N
APTES (g) 1.1,2.4,3.0 0.2,0.8,1.0 - - - - - - - N N
- (TGA)
(50%, 25)
20 SG PEI-10000 10.0 1.3 - N N N N - Y+ - Y (PB) Y (PB) [25]
(monolith) PEI-25000 12.1 0.9 (90%, RT) N
PEI-750000 8.6 0.5 N
(D, 5000 ppm,
RT)
21 SG PD (i) 0, - 0.2,0.3 - N N N N - - Y (TGA) Y (TGA) [27]
SG/PEG 0, - 0.2,0.5
SG/CB 0, - 0.2,0.2
(xerogel (G, air, RT)
powder)
22 MCM-41 PEI-800 (i) 0, 0.27, 0.3r, -, 1.00 1.7, - N N N N - SRR - NN, N N,N,N - [28]
(powder) 0.57,0.67, 0.6P 2.2,2.0,2.0 Y+, -, - Y,N,N Y,N,N
G) (64%, 25) (PB) (TGA)
23 FS - 0 - - N N N N - - - N N [31]
(powder) APS 1.7,3.3,3.5, 0.7,1.0,1.2, Y+ Y (PB) N
65%9, 4.7 0.1,0.1
APS-CTABS 3.5,65%9, 4.7 1.6,1.5,2.0 Y+ N N,Y,N
(D, 10 000 ppm, (50%, 60) (PB)

60 °C)
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Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic  Cyclic Ref
(form) Loading 400 ppm, 25 °C (kJ mol™) ‘c(, N 0, H.0 (mmol g') [,0 0: data studies
(mmolx gags™) (mmol g) o) o) g&(ljt)%RH, (%RH, °C)

24 MFS PEI-1200 + EB (i) 6.7 2.1 63 [181] N N N Y 1.9 Y+/-r >50% COx¢ Y (PB)! Y [82 [32]

(powder) (D, 25 000 ppm, (D, 40, 55, (51 %, 40)  (12%, 70)° [182] (TGA)!
40 °C) 70) (after 20 %
02,120 °C)

25 SiOs PEI-800-B (i) 0, 0.9 - - N N N Y 12.5, - - -8 N,Y N [35]
(C-803) (G, 3%5) (85 %, 35) (TGA)

(powder)

26 SiO2 PEI-800-B (i) 0, 0.9 -, 0.6 - N N N Y 6.7,30.4 - Y+ -8 N,Y N, Y [35]
(C-803) (G, 395 ppm, 35 (G, 35) (85 %,35) (85 %, 35) (TGA, PB) (TGA, PB)
(fibre) °C)

27 MCF_a" PEI-1200-B (i) [37]
(powder, pellet) 0,0.6 -, 1.3 - N N N N - -, YH/-T - N, Y N
MCF _b¥
(powder, pellet) 0,0.5 -, 1.9 -, YH/-T N, Y (PB)

(D, 420 ppm, (60%, 33)
46 °C)

28 HBS DT (g) 0,7.9 - 1.0 - N,Y(V) N N N - LY+ N,Y(PB) N,Y [38]
(powder) (60 %, 25) (TGA)"

29 HMS - 0 - - N N N N - - - N N [39]
(powder) PEI-800-S_ H LV (i) 0.4%,0.94,1.74,2.0%, 0.6,1.2,1.9,2.1, N,N,N, N, Y+ N,Y,N,Y,N,N,N, N,

3.3,4.1, 4.7 2.3,2.3,2.1 Y,N,N Y,Y,N Y,N,N
0.3, 0.8, 1.0, 0.3,09,1.2,1.3, N N, N, N, N,N
PEI-800-R_L HV (i) 1.4%2.0%, 3.1t 1.6,2.0 % Y+ N, Y
(G, 30 °C) (19 %, 30) (TGA) (PB)
30 SAG K2CO:s (i) 0 0.2, - N N N N - - - N, N, [44]
(powder) 0.7%,0.9%, 1.29, 0.4,0.7, 1.3, Y?, N,N,Y, N,N,Y,
1.3%, 1.5 0.8,0.5 N, N N,N
(D, 10 000 ppm, (85%, 20) (PB) (PB)
20 °C, 85% RH)

31 MMSN TEPA (i) 0, 48 % -, 2.5(G) - N,Y N N N - - - N,Y N,Y [46]
+CTAC10 0, 48 %% -,2.8(G) N,Y - N,Y N,Y
+CTAC20 0, 48 % -, 3.3 (G) N, Y - N, Y N,Y
+CTAC30 0, 48 % -, 3.5 (G) N, Y - Y N, Y N,Y
(powder) V) (25) (TGA)  (TGAY
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Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic  Cyclic Ref

(form) Loading 400 ppm, 25 °C (kJ mol™) ‘c(, N 0, H.0 (mmol g') [,0 0: data studies
(mmolx gags™) (mmol g) o) o) g&(ljt)%RH, (%RH, °C)
32 E{SNT PEI-600 (i) 0, 0.1 - N N N N - - - N N [47]
(powder) (V, 100 000
ppm, 30 °C),
112 1.05 Y (PB) Y (PB)
(D, 30 °C)
33 AHSA APTES 76 3.0 - N N N N - Y+ ; Y (PB) Y (PB) [48]
(monolith) (D, 10 000 ppm,
50 °C)
34 SiNP-SIP PEI-2000-b (g) R 1.1(G) - N N N N - Y+ - Y (PB, Y (TGA)® [49]
(powder) (79%, 25) TGA)
35 AHTSA APTES 53,79,85,88 - - 1.6,- - N N N N - - - Y (PB) N,N,Y,N [50]
(monolith) (D, 30 °C) (PB)

# some experiments done with ambient air but effect of Oz was not investigated
b theoretical PEI wt %

¢ PB studies also done for 8.2 mmol g'! loading sample

4 studied at flue gas conditions

¢ material aged for 1.5 years

fmaterial aged for 2 years

gstudied at 30% COz conditions

" theoretical TEPA wt %

! functionalisation loadings not specified

idata is for beads

Xmeasurement method not stated

""adsorbent form not known

™ data is for granules

"studied at 70% CO2 conditions

°studied at 100 % CO2 conditions

P mmolpgr g'!

9 APS theoretical wt%

changes depending on COz concentration and temperature

sabove 70% RH the COz uptake increases compared to dry conditions, below 70% RH, it decreases
tmmolper g7'si02

Usynthesis method A

v synthesis method B

Wat 60% RH the CO2 uptake decreases compared to dry conditions, below 60% RH, it increases
* PB studies also done for this loading sample

Y mmolkacos g!

2H20 needed for CO2 adsorption mechanism

“TEPA wt%
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Table A1.8: Summary of sorption properties of metal oxide adsorbents investigated for DAC.

Name Functionalised Functionalisation CO: uptakeat AHo Isotherms H20 uptake Stability Kinetic data Cyclic  Ref
(form) Loading 400 ppm, 25°C  (kJ mol?) CO: N; O H,0 (mmol gl H:0 0 studies
(mmoln gads'l) (mmol g'l) “C) (O (at %RH, °C) (% RH, °C)
MgossAl-O-a*  PEI-600-B (i) 0, 33%", 0.1, 1.1, - N,N, N N N - - Y+ - N, N, N, N, [7]
(powder) 50%?®, 67%" 1.7,2.3 (V) -, 75 N, Y Y+, Y+ NY N, Y
V) (95%, (PB) (PB)
25)
MgossAl-O-a®  APS (g) 0,2 -, 04 - N N N N - - - N, Y N [52]
MgrAl-0O-a* 0,3 -, 0.8 N, Y
(powder) (PB)
MgAl-O-urea® AE-AE-APS (g) 0,0.5 -,0.04 - N N N N - - - N, Y N [52]
Mgo.5sAl-O-wd 0,1.8 -, 0.1 - N N N
Mg2Al-O-w! 0,2.2 -, 03 - N N N
Mg3Al-O-w! 0,12 - 02 - N N N
Mgo.ssAl-O-a 0,6.4 0.3,1.0 -,30 (69 at N, Y N, Y N, Y
0,4.3 0.1,04 1 mmol g)
MgrAl-O-a* 0,2.1 -, 02 - N N, Y N
Mg3Al-O-a* 0,4.8 0.1,0.6 - N N, Y N
Mgo.ssAl-O-F¢ 0,4.7 0.2,0.4 - N N, Y N
Mg2Al-O-F¢ - N N, Y N
(powder) (PB) (TGA)
Mg0.55Al-O TEPA (i) 0, 33%, 50%!, 0.5,1.4,2.4, - N N N N - - - - Y N,N,N, [17]
67%!, 83%! 3.0,09 Y+, - Y,N
MgiAl-O 0, 33%f - 1.4 - N N
MgxAl-O 0, 33%!° - 1.3 - N N
Mg3Al-O 0, 33%f - 1.2 - N N
Mgo.ssAl-CO3 0, 33%, 50%!, -, 08,14, - N,Y,Y,Y N
MgO 67%" 2.1 - N N, Y
(powder) 0, 33%f -, 0.6 (90 %, 25) (TGA) (TGA)
(S)]
y-AlO3 n/a 0 - 34i0183] Y[184]N N Y 9.4 - - Y (1831 N [59]
(powder) Na2COs + Ni(NOs):2 (i) 0.1 (D,450°C) - N [183] - >50%CO2 Y (PB) Y (PB)
15%¢ + 10%" G N (93%, 25) (after 20%
(G, 25) 02, 450 °C)
y-Al2O3 NaO (i) 6% 0.1 - N N N N - - - Y (TGA) N [60]
(powder) NaO + Ru (i) 10%1 + 0.5 %~ 0.2 Y (ss) Y Y (PB, TGA) Y (PB)
(G, 350 ppm, (21% Oy,
320 °C) 320 °C)
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Name Functionalised Functionalisation CO: uptakeat AHo Isotherms H20 uptake Stability Kinetic data Cyclic  Ref
(form) Loading 400 ppm, 25°C  (kJ mol") CO: N; 0; H,0 (mmolgh) f,0 0: studies
(mmolx gags™) (mmol g) 0 (0 (at %RH, °C) (% RH, °C)
7 y-AlO3 NaO + Ru (i) 10%1 + 1%~ 0.6 (D) - N N N N - Y+* Y Y (PB) Y (PB) [61]
(powder) CaO + Ru (i) 10%* + 1% 0.5 (D) (90 %, 25) (air,25°C) N
8 y-ALOs TEPA (i) 0, 50%F -,2.3(G) - N N N N - - - Y(®B,N N,Y [17]
(powder) (TGA)
9 y-AlLOs K2COs (i) 0, 1.6™ -, 0.9 - N N N N - -, Y* Y Y (PB) Y (PB) [62]
(powder) (D, air, (30 %, (air, 25 °C)
20-30% RH) 25)
10 y-ALO3-O APTES (g) 0, 0.1, 52(30at0.1 N N N N - - - N N [63]
mmol g),
y-ALOs3-D 0.9, 2.0, 0.2n,0.3n, 69, 79,
(powder) 3.2n, 540 0.5, 0.8" 83,98
0, 0.2, 79 (34 at 0.1
mmol g'),
0.77, 1.5, 0.27,0.27, 69,76,
2,91, 410 0.3%, 0.6" 73,77
(G, 30 °C)
11 ZrO, K2COs (i) 0,0.7%, 12", 0.01,0.1, 0.5, - N N N N - LY Ye, @ N,Y,Y N,N,N  [65]
(aerogel powder) 1.7, 2.1! 1.1,0.1 Yo, Y° Y,Y Y,N
(D, 25% RH) (25 %, (PB) (PB)
25)

3 exfoliated LDH

b PEI theoretical wt%

¢ bulk LDH

4 stacked LDH

¢ ultrafine LDH

fTEPA theoretical wt%

¢ theoretical wt% of y-alumina
" theoretical wt% of Na- y-alumina
i CO; loading not specified

I Naz0 theoretical wt%

kNa»O and Ru theoretical wt%
'Ca0 and Ru theoretical wt%
™ mmolk2cos g”!

" mmol g alumina

°H,0 needed for CO2 adsorption mechanism

P experiments done with ambient air but effect of Oz was not investigated
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Table A1.9: Summary of sorption properties of MOF adsorbents investigated for DAC.

(powder)

Name Functionalised Functionalisation CO: uptake AHo Isotherms H20 Stability Kinetic Cyclic Ref
(form) Loading at 400 ppm, (kJ mol?) CO: N2 0: H0 uptake H:0 0 data studies
(mmol gas?)  25°C cC) (O (mmol g) o/ RH, °C)
(mmol g) (at
%RH, °C)
NbOFFIVE-1-Ni n/a 0 1.3(V) 49 Y(V) N N Y 10.1 Y- - Y Y (PB) [67]
(powder) (at 1.0 V,25)  (95%,25) (75%,25) (PB,
mmol g') TGA [60])
NbOFFIVE-1-Ni/PA n/a 0 1.4 (V) 52 Y(V) N N Y 7.5 Y- - Y Y (FB) [66]
(beads) (G, 25) (95%,25) (74%, 25) (PB, TGA,
FB)
TIFSIX-3-Ni n/a 0 1.2068(v) 50 Y(V) N N Y [73] 75071 Y- Y [69] Y [73] N [70]
(powder) (G, 25) (95%,25) (75%, 40) (air, 220 °C) (PB)
TIFSIX-2-Cu-i n/a 0 0.3 36 Y* (V) N N N - Y 71 - Y N [72]
(powder) (G, 10 000 (75%, 40) (PB)
ppm)
SIFSIX-18-Ni-f n/a 0 0.4 52 Y N Y (V, Y 1.6 Y- low O2 Y Y [73]
(powder) (V, 500 ppm) W) -196, 25) (G, 25,27, (95%, 25) (74%,25) uptake (PB, TGA) (TGA)
30, 35, 40)
SIFSIX-3-Ni HPMCP (c) 0, 0.3071(V), 450731, ylsel N N Y 8.81731, Y- - Y N, [75]
(powder) 5%® 1.5 (D, - N (G, 35) 2.2¢ (74%, 25) (PB) Y
10 000 ppm) V) (95%, 35) (PB)
SIFSIX-3-Cu (78]
(powder) n/a 0 1207 (v) 5507 Y1 (G) N Y 771 N 4.90187] N [187] low O2 Y 771 Y 77
(at 1.5 (G, 25) (49%, 30) (74%, 40) uptake[7”] Y (PB) Y (PB)
(MF monolith) 1.5 mmol g') N N - - >50% CO2
(G, 5000 - (air, 20 °C)
ppm, 20 °C)
TIFSIX-3-Co n/a 0 L.1(V) 55d168] Y*(V) N N N - N [68] - Y (PB) N [79]
(powder) (74%, 40)
GeFSIX-3-Ni n/a 0 L.1(V) 55 Y*(V) N N N - - - Y (PB) N [81]
(powder)
10 GeFSIX-3-Co n/a 0 0.3 (V) 39 Y*(V) N N N - - - Y (PB) N [81]
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Name Functionalised Functionalisation CO2 uptake AHy Isotherms H0 Stability Kinetic Cyclic Ref
(form) Loading 1 at 400 ppm, (kJ mol ") CO; N: 0. H.0 uptake . H:0 0 data studies
(mmolN Gads™ ) 25°C (o C) (o C) (mmol g ) (%RH, oc)
(mmol g) (at
%RH, °C)

11 MOF-74-Ni [83]

(powder) n/a 0 1.3 3874 Y 4 Y4 N Y 30.70881 N [190] yeuss Y*
W) (G, 25) 88191 %, 25) (steam) (TGA) (TGA)
(v, 55,70)
[189]
(monolith, 20% binder) 1.0 35 Y(V) N N - - N
(G, 3000
ppm)
12 UTSA-16(Co) [83]
(powder) n/a 0 1.0 4104 Y 4 Yeoll N Y (G, 11000 Y- o1 Y(PB) Yf(TGA)
W) 55,69)¢  (25%,55) (23%, 40)
(monolith, 15% binder) 0.6 31 Y(V) N N - -
(G, 3000
ppm)

13 Coz(dobdc) — MS, n/a 0 0.1 - Y*(V) N N Y (25 187 Y-1194 yPos] YIS [86]
irregular crystals (70%, 25) (TGA) (TGA)
Coz(dobdc) — ST, n/a 0 0.2 340192] Yy 1931 17.3 - N N
irregular crystals W)

Coz(dobdc) — MS, pyrazine (g) 0, 0.64, - N 18.6, - Y (TGAY), N,
hexagonal crystals 1.8 1.36 48 15.4 Y- Y (TGA,, Y (PB)
(powder) V) (92%, 25) (75%, 25) PB)
14 MIL-101(Cr) n/a 0 0.1 390961yl y o N Yy 1981 561981 Y-11871 Y Y [92]
(powder) (at 0.1 W) (V) (V,25)  (92%,25) (49%, 25) (TGA) (TGA)
mmol g
TEPA (i) 4.0 1.4 - N N - - -
PEI-800-B (i) 5.5 2.0 - N N - - Y+e[199]
(G, 3000 (75)
ppm)

15 MIL-101(Cr) n/a 0 0.04 - N N N N - - - Y Y [92]

(monolith, 20 % binder) TEPA (i) 0.8,3.5 03,1.6 (TGA) (TGA)
PEI-800-B (i) 3.2,5.3 06,14

16 MIL-101(Cr) n/a 0 0.2 - N N N N - - Y Y N [87]
(monolith, 25 % binder) (V, 8000 (air, 200 °C) (PB)

ppm, 20 °C)
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Name Functionalised Functionalisation CO2 uptake AHy Isotherms H0 Stability Kinetic Cyclic Ref
(form) Loading at 400 ppm, (kJ mol ") CO; N: 0. H.0 uptake H.0 0 data studies
(mmolN gads-l) 25°C (o C) (o C) (mmol g-l) (%RH, oc)
(mmol g) (at
%RH, °C)
17 MIL-101(Cr) n/a 0 0.04 (G) see 14 see 14 seel4 N see 14 see 14 see 14 - see 14 see 14 [93]
(powder) TAEA (g) 2.6 0.4 (V) - N N N - N Y
TAEA (i) 5.7 2.8 (G) - N N N - N Y
PEI-800-B (i) 0.2,04,0.8, 0.1,0.1,0.3, -, -, N,N,N, N N Y N, N, N, N, N, N,
1.0, 1.1, 1.3, 1.2,1.1,1.2, -, -, N,Y,N, (32 %, 25) Y,N,Y, N, Y, N,
1.8 1.4 (G) 70, -, N Y N
- V) (TGA) (TGA)

18 MIL-101(Cr) PEI-800 (i) - 1.0 (V) 554 Y(V) N N N - Y (ss) Y Y Y (S) [94]
(monolith) (air, 75°C)  (PB)

19 MIL-101(Cr)-SOsH TAEA (g) 0,1.2 -, 1.1 3220187 N, Y (V) N N YRPUN 3.8, - Y (201 - N N, Y [97]
(powder) (G,20°C) (V,25)  (58%,25) (boiling (TGA)

water)

20 Zn(ZnOH)4(bibta)s n/a 0 2.2 72 Y(V) N Y Y 12.4 N low O2 Y Y [98]

(powder) (v, 27) (at2.2 V,27) (V,23)  (95%,23) (100%, 25) uptake (PB) (TGA)
mmol g!)!

21 Zn2Nis(OH)4(bibta)s n/a 0 2.7 84 Y (V) N Y Y 20.6 Y- >50%CO2 Y Y! [99]
(powder) V,27) (at 2.5 V,27) (V,23)  (92%,23) (13%,25) (air,25°C) (PB) (TGA)

mmol gh™

22 ZnCos(OH)4(bibta)s n/a 0 1.7 76" Y(V) N N N - - - N N [99]
(powder) (v, 27)

23 Zns(OH)4(bbta);_a° n/a 0 0.8 - N N N N - - - Y Y! [100]
Zns(OH)4(bbta)s_bP 0.5 (TGA) (TGA)
(powder) V,27)

24 Zns(OH)a(btdd)s_a° n/a 0 0.5 62 Y(V) N N N - - - Y Y! [100]
Zns(OH)4(btdd)s_bP - - N (TGA) (TGA)
(powder) V,27)

25 Zn235Ni2.6s(OH)4(btdd)s_a°® n/a 0 1.5 73(t1l4 Y(V) N N N - - - Y (TGA) Y! [100]

mmol g (TGA)
Zn2 35 Ni2.6s(OH)4(btdd)s_bP 1.0 - N N N
(powder) V,27)

26 Mg>(dobpdc) n/a 0 - 440 ypon N N N - N [202] N (air, RT) Y![203] N [102]

(powder) pn (g) 151 %9 0.4 68 Y (86%, 23) [101] N
mpn (g) 135 %1 0.1 72 Y - - N
(V,40°C) V) - - (TGA)
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Name Functionalised Functionalisation CO2 uptake AHy Isotherms H0 Stability Kinetic Cyclic Ref
(form) Loading 1 at 400 ppm, (kJ mol ") CO; N: 0. H.0 uptake . H:0 0 data studies
(mmolN Gads™ ) 25°C (o C) (o C) (mmol g ) (%RH, oc)
(mmol g) (at
%RH, °C)
27 Mgz(dobpdc) n/a 0 - see 26 see26 N N N - see 26 see 26 N N [103]
(powder) mmen (i) - - N Y+© - Y (PB)
spermine (i) - - N Y+© - N
(100%, 35)
28 Mgz(dobpdc) n/a 0 - - N N N N - - - N N [103]
(PE fibre) mmen (i) - 0.7 61 Y (V) Y+© Y Y
spermine (i) - 2.0 101 Y (V) Y+ Y Y
(D, 35°C) (100%, 35) (PB) (PB)
29 Mgz(dobpdc) mmen (g) - 3.1(V) - Y(V) N N N - - - Y N [104]
(powder) (PB, TGA)
30 Mga(dobpdc) mmen (g) - 2.9 (V) 704 Y(V) N N N - Y (ss) Yk Y Y (S) [94]
(film coating on cordierite (air, 75 °) (PB)
monolith)
31 Mg(dobpdc) [93]
(powder) mmen (g) 7.3 3.or0on 7o yri204 N yeoon oy 2.2 Y-© y [on y [on ytou
V) (71 at0.3 (V) (V,25) (V,25)  (62%,25) (70%,25) (air, RT) (TGA)
mmol g')!
(film coating on =S - N N N - N Ye
cordierite monolith) (TGA)
32 Mga(dobpdc) spermine (g) 0, - see 26, see26, N N, N, - see 26, see 26, see 26, N [105]
(powder) 94%" 1.7 99 Y (V) Y Y 19.0 Y+(ss) >50% COxf Y (PB) Y
(G,30°C) (V,40) (V, 30, 40, (78%, 30) (after air, (TGA)
50, 60) 100 °C)
33 Mgz(dobpdc) nmen (g) - 2.5 72n Y(V) N N N - Y+ >50% CO2* Y (TGA) N [106]
(powder) een (g) 3.1 740 (51%,40) (5 % Oo, Y (TGA, Y©
ipen (g) 2.5 76" 50 °C) PB°) N
(G, 10 500 Y (TGA) (TGA)
ppm, 40 °C)
34 Mga(dobpdc) 2-ampd (g) - 0.2 84 Y(V) N Y Y (V,30, 157 Y+ >50% CO2' Y Y [107]
(powder) (V,40°C) (V,40) 40,50, 60) (70%, 30) (35%,40) (after21% (TGA, PB®) (TGA)
02, 100 °C)
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Name Functionalised Functionalisation CO2 uptake AHy Isotherms H0 Stability Kinetic Cyclic Ref
(form) Loading 1 at 400 ppm, (kJ mol ") CO; N: 0. H.0 uptake . H:0 0 data studies
(mmolN Gads™ ) 25°C (o C) (o C) (mmol g ) (%RH, oc)
(mmol g) (at
%RH, °C)

35 Mgz(dobpdc) epn (g) - [108]
(powder) 2.2 - N N N N - N - Y (TGA) Y (VAS,
(SBS membrane) TGA)

-60 wt% MOF 0.9 - N N Y (V,25) 7.6 - - Y (TGA) N
-70 wt% MOF 1.1 - N N N - Y- - Y (TGA) N
-80 wt% MOF 1.8 68 Y (V) Y Y (V,25) 113 Y- low O2 Y (TGA) Y (VAS,
(SBS spray coating) (V, 1000 Vv, 30) uptake TGA)
ppm, 30 °C) -
-on Ti mesh 0.9 - N N N - Y- - N Y (VAS)
-on HEPA fileter 0.9 - N N N - Y- - N Y (VAS)
-on AC granules 0.8 - N N N (89%,25) Y- - N Y (VAS)
v, (60%, 25)
1000 ppm,
RT, 60% RH)

36 Mg-MOF-74 hydrazine (g) 0, 12.0 0.1,3.9 47,90 YOy y ol y [0S N Y200 N 36.0, - N 2071 (75%- Y (PB)° 2081yt 2081 [112]

(powder) V) N (S,40) (G,25) (79%,25) 40),Y- Y (TGA, Y©
V) (82%, 40) PB) (TGA)

2 one of the three temperatures is -78 °C

b HPMCP theoretical wt %

¢ value approximated from statement that coated adsorbent adsorbs 4x less water

4 CO: loading not specified
¢studied at flue gas conditions

fstudied at 100% CO2 conditions

g
h

istudied at 5% COz conditions
i data for granules with binder

data is for pellet

measurement method not stated

krisk of amine degradation above this temperature
! AHo was 43, but authors thought this may have been an error, due to steep low-pressure CO2 uptake causing equilibration and/or pressure measurement issues during the isotherm measurements
™ AHo was 3, but authors thought this may have been an error, due to steep low-pressure CO2 uptake causing equilibration and/or pressure measurement issues during the isotherm measurements

" for near 0 mmol g! loading

o
p
q

TBAOH synthesis
NaHCOs synthesis
% diamine loading

" for adsorbent with 7.40 mmol/g loading

s uptake should be 70% that of powder uptake
tfor adsorbent with 7.80 mmol/g loading

U % spermine loading per 2 Mg?*
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Table A1.10: Summary of sorption properties of carbon adsorbents investigated for DAC.

Name Functionalised  Functionalisation CO2 uptake at AHy Isotherms H:0 uptake Stability Kinetic Cyclic  Ref
(form) Loading 400 ppm, 25 °C (kJ mol) CQ, N2 0. H0 (mmol g) H:0 0, data studies
(mmolN gaas™!) (mmol g) °C) (O (at %RH, °C) (%RH, °C)
1 sawdust n/a 0 3.2 - N N N N - Y-2[209] - N N [113]
biochar (G, 500 ppm) (100 %, 50)
(powder)
2 AC K2COs (1) 0, 0.4° - 27¢04y 4] Y, N oy 67, Y- (ss) 114(21%, 50), - Y210 yaRI0 - [115]
(monolith) 0.2 - N N Y 8.9 Y-de Y Y
(D, 20 °C, ~) V) (G, 40) (60%, 40) (21%, 20)f (30%, 65)8 (PB) (PB)
21% RH)
3 AC K2COs (1) 0.4° 0.2 - N N N Y 15.8 (100 %)' Y4 (26 %, 30) - Y(PB) Y(@PB) [116]
(monolith) Na2COs (i) 0.5" 0.1 (G, 20, 16.6 (100 %)! Y (PB)
(D, 30 °C, 30, 40)
28 % RH)
4 CB K2:COs+MF+  0,17% +17% +33% -,2.6 - N N N N - Y4 (9%, 35) < Y@®B) Y(PB) [118]
(PBX-51) BCA (i) (D, 10000 ppm,
(powder) 35 °C, 9% RH)

astudied at flue gas conditions

® mmolkacos g

¢ COz loading not specified

4 H,0 needed for CO2 adsorption mechanism

¢ moisture swing adsorbent where CO2 desorbs with increased % RH
fadsorption condition

& desorption condition

" mmolnazcos g'!

i temperature not specified

J theoretical wt% of each component

k experiments done with ambient air but effect of O2 was not investigated
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Table A1.11: Summary of adsorption properties of zeolite adsorbents investigated for DAC.

Name Functionalised Functionalisation CO: uptake at AHo Isotherms H:O0 uptake Stability Kinetic Cyclic Ref
(form) Loading 400 ppm, 25 °C (kJ mol?) (mmol g) data studies
(mmoln gags™) (mmol g) CO: N: (0)) H:0 (at %RH, H:0 0:
O O °C) (%RH, °C)
H-ZSM-5 TEPA (i) 0,4.8 0.3,0.2 3821 - yb212 L yPRI2ZIN N Y [213] 2.6 - - Y(PB) N [124]
(powder) (G, 5000 ppm) (G) (G) (G, 50, 85, 120) (88 %, 50)
SAPO-34 TEPA (i) 0,4.1 0.6, 0.5 320181 YR yeRIIN N Y BBIN 20.0 Y 2171 (ss), - - Y(PB) N [124]
(powder) (G, 5000 ppm) W) W) (V,21,33,50, (84 %,21)
65, 80, 95)

NH4sY TEPA (i) 0,5.3 0.9,1.1 - N N N N - - - YPB) Y [124]
(powder) (G, 5000 ppm) (TGA)
NH4Y ED (g) 0,5.6 - 1.5 - N N N N - -, Y- - N, Y¢ N, Y¢ [129]
(powder) (V, 5000 ppm, 40 (3 %, 40) (TGA) (TGA)

°C)
13X (powder) n/a 0 0.4 1681 (V) 39 YeRI1sl yel218] Y2219 Yel2200 (v, 22) 17.8° Y-41220] Y (PB) Y4381 [134]

(or 1.4 at 3000 V,G6) (G (v, 15, (G, 22,30,40, (75%,22) (88% 22) (ss) (PB)

ppm, G) 30, 45) 50 75) [190]
13X (monolith) 0 [134]
-20% binder n/a 1.2 - N N N N - - - N N
-15% binder 1.2 N
-10% binder 1.2 Y (PB)

(G, 3000 ppm)
13X n/a 0 0.4 - N N N N - - - Y(PB) N [87]
(monolith, (D, 8000 ppm, 20
25% binder) °C)
G5CO2Mf  n/a 0 0.1-0.5 see 5 see 5 see 5 Y see 5 - - low O, Y see S [137]
APG-III8 (G,22°C) 32 Y(G) N (G,22) N uptake  (G) Y (PB)
Ca-X 5122211 Y R21(V)Y (G) 2] N N
Na-LSX 400221 N N N N
Z10-01" see 5 see 5 see 5 see 5 see 5
Z10-02ND! - N N N N
Na-X-HPi see 5 see 5 see 5 see 5 see 5
(pellet)
SA (powder) n/a 0 1.5 (G, 3000 3302211 Y781 ym[224] Y (2231 Y1781 13.8! Y-4133] - Y (PB) Y4[13¥1 [134]

ppm) 2 (G) v,0,10, (V,25,50,75, (50%,25) (25) (PB)

30, 70) 100)
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Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic Cyclic Ref

(form) Loading 400 ppm, 25°C (kJ mol ) (mmol g) data studies
(mmolN gaas™) (mmol g) CO2 N2 02 H20 (at %RH, H:0 02
(8] cO °0) (%RH, °C)
10 5A (monolith) [134]
-20% binder  n/a 0 1.0 - N N N N - - - N N
-15% binder 1.1 N
-10% binder 1.3 Y (PB)
(G, 3000 ppm)
11 NaCaA-85 n/a 0 1.8 (V) 65 N N Y N - - lowO: Y (PB) Y (V) [142]
(powder) (V, 25) uptake
12 BaMFI n/a 0 0.8 80 N N N N - - - N Y (V) [143]
SrMFI 0.7 101
CaMFI 0.5 81
(powder) (V, 1000 ppm)

2 form unknown

b data is for pellets with binder

¢data is for a membrane sample

dstudied at flue gas conditions

¢ data is for granules

f commercial 13X from CECA Arkema Group

¢ commercial 13X from Honeywell UOP marketed for air prepurification
" commercial 13X from Zeochem

i commercial 13X from Zeochem marketed for air prepurification
icommercial 13X from Hengye

kstudied at 100% CO2 conditions

I'data is for beads

M data is for pellets
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Table A.12: Summary of adsorption properties of polymer adsorbents investigated for DAC.

Name Functionalised Functionalisation CO: uptake at AHy Isotherms H:0 uptake Stability Kinetic Cyclic Ref
(form) Loading 400 ppm, 25°C (kJ  CO, N2 0: H:0 (mmol g) H:0 0, data studies
(mmolN gaas™!) (mmol g) mol™) cC) (0 (at % RH, °C) (%RH, °C)
Lewatit VP BA (g) 6.1 1.0 (G) 70 Y (G) Y(V*N Y 8.0 Y+ (30%, 25) (ssp> 50% CO2° Y (PB) Y[ [147]
OC 1065 (G, 25, 50, (80 %, 25) 12261 143 (TGA)
(beads) 75, 100) (after air,
80 °C)

Purolite A109 1° amine (g) 43 0.2 - N N N N - Y - Y Y [149]
(beads) (G, 20 000 ppm) (TGA) (TGA)
Purolite A500 QA (g) - - N N N N - Y-° - Y Y [151]
(beads) - 0.5 (VAS)  (VAS)
(dense fibres) 1.0
(porous fibres) (V, air, RT)
[ER from unknown - 1.6 (V, air, RT) - N N N N - Y-© - Y Y [151]
Snowpure LLC (VAS) (VAS)
(film)
XAD-4 2[N(CH3)4]"CO3*" (g) 0, 0.9 -, 0.2 - N N N N 6.94,13.1¢ Y-&¢ - N, Y N [156]
XAD-16 0,1.0 -, 0.3 7.24, 14.2¢ (21%, 20)f N, Y N, Y
XAD-1180N 0,1.0 -, 0.2 7.14, 14.0¢ (100%, 20)¢ N, Y N
(beads) (V,20°C, (VAS)  (VAS)

21% RH)
D201 (beads) QA (g) - KsPO4(ie) 3.9 0.6 (V,3%RH) - N N N N - Y-&e© - Y Y [158]

(3 %, 25)f (VAS)  (VAS)
(95 %, 25)8

Resin from PEI-600 (i) 0, 20%" - 1.1 - N N N N - 33 Y+/- K Y N [159]
Knowledge & (D, 4000 ppm, (45 %, 20) (60%, 20) (PB)
Benefit Sphere 20 °C)
Tech. Co., Ltd.
(beads)
MR10 (beads) PEI-600 (i) 0,104 -, 2.6 - N N N N - Y+ (50%,25) >50%CO: Y Y [160]

(D, 1000 ppm) (after air,  (PB) (PB)

70 °C)

Resin from Oy 1° amine (g) 4.7 0.8 [111(D) 62001 y N N Y 3.9 Y+ (63%,25) - Y Y [162]
Hydrocell Ltd. (D, 25, 35, (60 %, 25) (PB) (PB)
(beads) 50)
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Name Functionalised Functionalisation CO: uptake at AHo Isotherms H20 uptake Stability Kinetic Cyclic Ref
(form) Loading 400 ppm, 25°C (kJ  CO, N2 0: H:0 (mmol g1) H:0 0 data studies
(mmolx gadas™) (mmol g) mol ) €C) O (at % RH, °C) (%RH, °C)

10 QCPS-1/PES QA (g) > NaxCOs (ie) 2.0 1.1 - N N N Y (G,30) 6.5(66%,30) Y-¢ - Y N [163]
QCPS-2/PES 2.2 1.0 30 Y (G, 30) 3.0 (89 %, 30) (21%, 20)f (VAS) Y
QCPS-3/PES 2.1 1.0 - N - (85%, 20)® N
(film) (V,20°C, (VAS)

21% RH)

11 NFC APDES (g) 34 09(D,23°C) 60 Y (V)I221 N N Y[R 5.4 Y+ - Y [228] Y 221 [166]

(powder) (G, 10, 20, (73 %, 30) (58 %, 20) (PB) (PB)
30, 70, 80)!

12 NFC APDES (g) 3.1 0.7 - see 11 N N seell 3.0 Y+ - Y N [167]
(powder) (D, 600 ppm, 35 (50 %, 30) (50 %, 30) (DB)

°C)

13 BC CHPTAC (g) > 0,0.4,04, -,0.1,0.1, - N N N Y,N,N, 106,-,-, Y-&e© - N,N,N, N [168]
(powder) Na2COs3 (ie) 0.6 0.2 Y 12.2 (66%, 25)f Y

(V, 66% RH) (G, 25%) (90 %, 25™) (95 %, 25)¢ (PB)

14 PAN TEPA (g) 0, 15 %", 39%", -, 0.9, 1.0, - N N N N - Y+ (25) - N N [170]

(hollow fibre) 58%" 1.3
(D, 3000 ppm)

15 PAN/PMMA TEPA (g) 0, 75%" - 1.5 - N N N N - Y+ (25) - YPB) Y [170]
(hollow fibre) (D, 3000 ppm) (PB)

16 PEI "snow" n/a 0 1.1 (D, air, RT) - N N N N - Y+€ (ss) -k Y(PB) Y [172]
(powder) (PB)

2 one of the three temperatures is -196 °C

b studied at flue gas conditions
¢ moisture swing adsorbent where CO2 desorbs with increased % RH

4 %RH and temperature not specified

¢ H20 needed for COz adsorption mechanism
fadsorption condition
& desorption condition
" theoretical PEI wt %
i changes depending on CO2 concentration and temperature

iabove 60% RH, CO> uptake decreases

ksome experiments done with ambient air but effect of O2 was not investigated
!'for sample with 4.2 mmoln g”! loading

™ assuming measurement done at 25 °C but not explicitly stated

"TEPA % grafting
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Appendix 2. Materials and methods
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Figure A2.1. Comparison of equilibrium adsorption (filled symbols) and desorption (hollow symbols)
isotherms of N, measured at -196 °C for a silica-alumina reference material run by both myself and
Micromeritics (MM) on 3Flex porosity analysers. Samples were degassed ex-situ at 0.02 mbar for 1 h

at 90 °C then at 350 °C for at least 4 h. Samples were then degassed in-situ at 350 °C and 0.00002 mbar

for 4 h.
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Figure A2.2. Comparison of equilibrium adsorption (filled symbols) and desorption (hollow symbols)
isotherms of CO, for a zeolite 13X reference material measured at 0 °C by both myself and
Micromeritics (MM) on 3Flex porosity analysers, and by Hassan Azzan, on a Quantachrome Autosorb
1Q3 (QC) porosity analyser. Samples were degassed ex-situ at 0.02 mbar for 1 h at 90 °C then at 350
°C for at least 8 h. Samples were then degassed in-situ at 300 °C and 0.00002 mbar for 4 h. Isotherms

are shown in a) linear scale and b) log scale of pressure.

Figure A2.3. 3D-printed container for measuring the bed densities of Lewatit and Purolite. The outer
cube dimensions are 2.0 X 2.0 X 2.0 cm, while the cylindrical inset measures 1.6 cm in dimeter and 1.2

cm in height.
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Figure A2.4. Heat capacities of measured a) y-alumina powder and b) a-alumina disc provided by

Perkin-Elmer, in comparison to literature values provided by NIST [1].

Figure A2.5. Image of the closed environment humidity setup. A 250 mL beaker filled with saturated
salt solution of either sodium chloride or potassium nitrate is placed with a digital hygrometer-
thermometer and an open 10 mL glass vial with TIFSIX-3-Ni sample (not shown in image) ina 1 L

Kilner clip top mason jar with a rubber seal.

249



Figure A2.6. Image of a) aluminium crucible and b) its perforated stainless-steel holder for cyclic

studies with TIFSIX-3-Ni using a thermogravimetric analyser.

A2. References

[1] NIST. "Aluminium Oxide."

https://webbook.nist.gov/cgi/cbook.cgi?ID=C1344281& Type=JANAFS&Plot=on (accessed
2024).
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Appendix 3. Lewatit and Purolite study

A3.1 Physicochemical properties

Figure A3.1. Images of fresh a) Lewatit and c) Purolite beads as well as vacuum-dried b) Lewatit and

d) Purolite beads, (degassed ex-situ at 120 °C and 0.02 mbar for at least 12 h).

0

Figure A3.2. Surface of fresh a) Lewatit and b) Purolite beads under 10x magnification using a Senterra

II Raman microscope, where ruler values are in microns.
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Table A3.1. Literature values of textural properties for Lewatit.

Textural property Value Reference
Pskeletal (g Cm-3) - -
Pparticle (g Cm_s) 0.88 [1]
Phed (g cm™) 0.63 (wet) [2]
Viotat (cm? g1 0.64 [2]
Eparticle 0.56 Calculated using [1] and [2]
SBET (Il’l2 g'l) 43 [2]
70 50
a) Lewatit b) Purolite
| N2 ] N2
68 air 48 air
566 346 -
2 2
[1] @
= 64 = 44 -
62 42 -
60 40

T T T T T T T T T T T T T T T T T T T T T
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Temperature (°C) Temperature (°C)

Figure A3.3. TG curves for a) Lewatit and b) Purolite under N> and air atmospheres between 100 °C

and 400 °C.
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Figure A3.4. Heat flow curves of 3 baseline runs, 3 sapphire runs, and 4 sample runs for a) Lewatit

and b) Purolite heat capacity measurements. For both samples, the first heat flow curve differs from

the following three.

A3.2 Equilibrium sorption properties
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Figure A3.5. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms of

CO; at 35 °C for the same sample of a) Lewatit and b) Purolite with 60 s and 90 s equilibration intervals.
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adsorption isotherm data with the td-Toth isotherm model and fitting parameters used by Young et al.
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Figure A3.7. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms of
CO; at 35 °C for two samples of a) Lewatit and b) Purolite measured approximately one year apart.

Each sample is from the same batch of commercial resin.
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Table A3.2. Upper and lower bounds imposed on fitting parameters for the td-Toth, CP, virial, SSL,

and GAB isotherm models.

Fitting equation | Parameter Units Lower bound Upper bound
td-Toth q.0 mmol g’! 0 5

by bar! 1 x 102 0.1

-AU kJ mol™! 0 130

Ty K - -

79 - 0 5

o - 0 5

X - 0 5
CP q..0 mmol g’! 0 5

bo bar’! 1 x10% 0.1

-AU kJ mol! 0 130

To K - -

70 - 0 5

o - 0 5

X - 0 5

q.c mmol g! 0 5

bo.c bar! 1 x 102 0.1

-AU. kJ mol! 0 130

E, kJ mol! 0 50
Virial ao K 0 30 000

ai K mol! 0 30 000

a: K mol 0 30 000

as K mol? 0 30 000

by - 0 30 000

b; mol! 0 30 000
SSL g mmol g 0 10

bo bar! 0 1

-AU kJ mol! 0 150
GAB qm mmol g! 0 10

C kJ mol! 0 100

D K'! 0 0.05

F kJ mol! 0 100

G kJ mol! K*! -0.05 0
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Table A3.3. Fitting parameters for the td-Toth isotherm model for CO, adsorption for Lewatit used by

Young et al. [3].

Fitting equation Parameter Unit Lewatit
td-Toth q. mmol g’! 4.86

bo bar’! 2.85x 10716

-AU kJ mol! 117.798

Ty K 298.15

Ty - 0.209

a - 0.523

X - 0
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F-test check:

An F-test was conducted between the fitting results of the td-Toth isotherm model, i.e. the “reduced

model”, and the CP isotherm model, i.e. the “full model”, using the following procedure from

PennState [4]:

L.

Calculate the error sum of squares (SSE) of the CO» loading for both the reduced and full model
using the following equations:

SSE = Y(experimental — fitted)? (1)

Calculate the linear F-statistic using the following equation:

F= (SSE(reduced)—SSE(full)) N (.S‘SE(full)) @)
dfreduced_dffull . dffull

df = # experimental data points — # fitted parameters (3)

where df stands for degrees of freedom.

Check if the calculated F-statistic is larger than the critical value for the given degrees of
freedom and a 0.95 confidence level. The critical value can be calculated using the following
Excel function:

F.inv (probability,df;,df,) (4)

where probability is the confidence level, df; is the numerator degrees of freedom from equation
(2), 1.e. dfreducea — dfur, and df> is the denominator degrees of freedom from equation (2), i.e.
dfjun. If the calculated F-statistic is larger, any better fitting by the full model is not due to an

increased number of fitting parameters.

For Lewatit:

SSE(reduced) = 5.61

SSE(full) = 0.20

# experimental data points = 324
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# fitted parameters,reduced = 6
# fitted parameters, full = 10

dfreducea = 318

dffun = 314

. <SSE(reduced) - SSE(full)) N (SSE(full))

(5.61 — 0.20) _ (0.20
dffun

“\314

318 — 314 ) = 2107

dfreduced - dffull

Fcritical (0'957 4, 314) =2.40

For Lewatit, F' > Feica, and as such the better fit offered by the CP isotherm model as compared to the

td-Toth isotherm model is not due to an increased number of fitting parameters.

For Purolite:

SSE(reduced) = 5.56

SSE(full) = 0.63

# experimental data points = 319
# fitted parameters,reduced = 6

# fitted parameters, full = 10

dfreducea = 313

dffull =309
P <SSE(reduced) - SSE(full)) ' (SSE(full)) B (5.56 - 0.60) ' <0.63) 605
dfreduced — dffull ‘ dffuu 313 -309/) " \309

Fcritical(0‘95, 4, 309) =2.40

For Purolite, F'> Finicar, and as such the better fit provided by the CP isotherm model compared to the

td-Toth isotherm model is not due to an increased number of parameters.
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Figure A3.8. Equilibrium adsorption isotherms for CO, measured at 15, 25, 35, 60, 70, 80, and 120 °C

up to 1 bar for a) Lewatit and b) Purolite with a log-scale of pressure. Solid lines represent the fitting

results from virial equation, whose fitting parameters are found in Table A3.4.

Table A3.4. Fitting parameters with uncertainty bounds for a 95% confidence interval for the virial

equation for CO; adsorption for Lewatit and Purolite.

Equation | Parameter | Unit Lewatit Purolite
Virial ao K -12910 = 20 -10600 + 30
a; K mol! 2980 +20 850+ 20
a: K mol* 269 £ 7 211£6
as K mol? 57+2 -18+1
bo - 32.68 £0.07 25.95+£0.08
b mol! -7.78 £0.05 -2.29+£0.05
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Figure A3.9. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms for

Nz measured at 15 °C, 25 °C, and 35 °C up to 1 bar for a) Lewatit and b) Purolite. Equilibrium adsorption

(filled symbols) and desorption (hollow symbols) isotherms for N», Ar, and O, measured at 25 °C up to

1 bar for c) Lewatit and d) Purolite.
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Figure A3.10. H>O adsorption potentials for Lewatit plotted against the a) H>O loading and c) natural

log of the H,O loading. H>O adsorption potentials for Purolite plotted against the b) H>O loading and

d) natural log of the H,O loading.
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Figure A3.11. a) Comparison of our measured H>O equilibrium adsorption isotherm at 25 °C for

Lewatit to the 25 °C H,O isotherm measured by Young et al. [3] b) Overlay of our measured H.O

equilibrium adsorption isotherm data with the GAB isotherm model and fitting parameters used by

Young et al. [3].

Table A3.5. Fitting parameters for the GAB isotherm model for H,O adsorption for Lewatit used by

Young et al. [3].

Fitting equation Parameter Unit Lewatit
GAB Gm mmol g! 3.63
C kJ mol! 47.110
D K-! 0.023744
F kJ mol! 57.706
G kJ mol! K! -0.047814
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Figure A3.12. a) Virial plot of all measured CO; isotherm data for Lewatit, where pressure (P), loading

(n), and temperature (7) values are in units of bar, mmol g, and K, respectively. b) Virial plot showing

the selected low loading data fitted to linear equations. The y-intercepts of each fitted equation are used

to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters used to determine

AHy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate AHy.
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Figure A3.13. a) Virial plot of all measured N, isotherm data for Lewatit, where pressure (P), loading
(n), and temperature (7) values are in units of bar, mmol g, and K, respectively. b) Virial plot showing
the selected low loading data fitted to linear equations. The y-intercepts of each fitted equation are used
to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters used to determine

AHy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate 4Hy.
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Figure A3.14. a) Virial plot of all measured H,O isotherm data for Lewatit, where pressure (P), loading

(n), and temperature (7) values are in units of bar, mmol g!, and K, respectively. b) Virial plot showing

the selected low loading data fitted to linear equations. The y-intercepts of each fitted equation are used

to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters used to determine

AHy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate 4Hy.
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Figure A3.15. a) Virial plot of all measured CO- isotherm data for Purolite, where pressure (P), loading
(n), and temperature (7) values are in units of bar, mmol g!, and K, respectively. b) Virial plot showing
the selected low loading data fitted to linear equations. The y-intercepts of each fitted equation are used
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Figure A3.16. a) Virial plot of all measured N; isotherm data for Purolite, where pressure (P), loading
(n), and temperature (7) values are in units of bar, mmol g!, and K, respectively. b) Virial plot showing
the selected low loading data fitted to linear equations. The y-intercepts of each fitted equation are used

to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters used to determine

AHy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate 4H,.
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Figure A3.17. a) Virial plot of all measured H,O isotherm data for Purolite, where pressure (P), loading

(n), and temperature (7) values are in units of bar, mmol g!, and K, respectively. b) Virial plot showing

the selected low loading data fitted to linear equations. The y-intercepts of each fitted equation are used

to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters used to determine

AHy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate 4Hy.
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Table A3.6. Smoothing spline values used in MATLAB for the interpolation of CO,, N, and H,O data

to calculate the corresponding isosteric heats of adsorption for Lewatit and Purolite.

Lewatit Purolite
CO; 0.9989 0.9997
N2 0.9999999 0. 9999999999
H.O 0.919 0.670
160 300
a) Lewatit, CO, ——60-120°C | b) | Purolite, CO, ——60-120°C
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Figure A3.18. I[sosteric heats of adsorption (solid lines) of a) Lewatit and b) Purolite for CO, calculated
using isotherm data measured at 60 °C, 70 °C, 80 °C, and 120 °C, at 60 °C, 70 °C, and 80 °C, and 15

°C, 25 °C, and 35 °C. Dashed lines represent the upper and lower confidence intervals.
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Figure A3.19. Isosteric heats of adsorption (solid lines) of Lewatit and Purolite for a) N, and b) H,O

with corresponding upper and lower confidence intervals (dashed lines)
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Appendix 4. TIFISX-3-Ni study

A4.1 Physicochemical properties
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Figure A4.1. Comparison of measured XRD patterns to either simulated or digitised XRD patterns
from literature for a) NiTiFe, b) TIFSIX-3-Ni precursor, and ¢) TIFSIX-3-Ni. Simulated patterns are
from the Cambridge Crystallographic Data Centre (CCDC) [1] (NiTiFs: CCDC entry 404273 [2],

TIFSIX-3-Ni: CCDC entry RIJGIE [3]) and digitised patterns are from Kumar et al. [3].

271



Figure A4.2. Images of a) as-synthesised NiTiFe, b) ground NiTiFs, ¢) TIFSIX-3-Ni precursor, and d)
final TIFSIX-3-Ni powder.
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Figure A4.3. a) Heat flow curves of 3 baseline runs, 3 sapphire runs, and 4 sample runs for TIFSIX-

3-Ni powder, where the first heat flow curve of the sample differs from the following three.
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A4.2 Equilibrium adsorption properties

3.0
|1 CO,, 35°C
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Figure A4.4. Equilibrium adsorption (filled symbols) and desorption (open symbols) isotherms of CO»
at 35 °C for the same sample of TIFSIX-3-Ni with 60 s and 90 s equilibration intervals. Note that this
is a different batch of TIFSIX-3-Ni (batch 1) from the one used to measure the CO, isotherms in the

main study (batch 5).
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TIFSIX-3-Ni theoretical loading calculations:

The following procedure was used to calculate the maximum theoretical CO, and H,O loadings in
TIFSIX-3-Ni:

Molecular weight of unit cell [Ni (CsH4N>)> (TiFe)]: 381 g mol! (CCDC entry RIJGIE [1, 3])
Avogadro’s number: 6.022 x 10* mol!

381 g mol™?

— -23
6.022 x 1023 _ 032 x107%g

Mass of unit cell =

1

m =0.0158 x 1023 g1

Number of unit cellsinl g =

For CO,, where one CO, molecule fits in a single unit cell cage:
Number of CO, molecules in 1 g=0.0158 x 10* ¢!

0.0158 x 10%3g~1
6.022 x 1023mol~1

Moles of CO,inl g = =0.00263 g mol™! = 2.63 g mmol™?

For H,O, where up to four H,O molecules fit in a single unit cell cage:
Number of H20 moleculesin1g = 4 *(0.0158 x 10?3 g=1) = 0.0633 x 1023g~1

0.0633 x 10%3g~1
6.022 X 1023mol~1

Moles of H,0inl g = = 0.0105 g mol™! = 10.5 g mmol™?
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Table A4.1. Atomic composition and molar ratio (normalised to Ni) of TIFSIX-3-Ni determined by

XPS.
C N (0} F Ti Ni
Atomic composition (%) 36.7 16.6 4.7 28.8 5.4 7.8
Molar ratio 4.7 2.1 0.6 3.7 0.7 1.0
(normalised to Ni)

a) |c1s b) IN1s

Intensity (a.u.)

T T T T T T T T T T T T T T
208 206 294 202 290 288 286 284 282 280 410 408 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)

¢ |F1s d) [o1s

7, F-Ti
F X Metal-O

Intensity (a.u.)

adsorbed O,/H,0

T T T T T T T T T T T T T T T
690 689 688 687 686 685 684 683 682 681 680 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

e) |Tizp Ti 2p,, N |Nizp Ni 2p,,;

NiTiF (Ni**)

Intensity (a.u.)

Ni-O / Ni-OH

T T T T T T T T T T T T T T T T
474 472 470 468 466 464 462 460 458 456 454 890 885 880 875 870 865 860 855 850
Binding energy (eV) Binding energy (eV)

O Experimental data—— Fittings
Figure A4.5. XPS data and peak fittings of the a) C 15, b) N 1s, ¢) F 1s, d) Ols, e) Ti 2p, and f) Ni 2p
core levels of TIFSIX-3-Ni. Peaks were assigned based on information from the NIST XPS Database
[4] and the sample’s structure [5].
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Table A4.2. Upper and lower bounds imposed on fitting parameters for the DSL and SSL isotherm

models.
Fitting equation Parameter Units Lower bound Upper bound
DSL s mmol g’! 0 30
b, bar! 0 0.001
-AU; kJ mol! 0 100
qsi mmol g! 0 30
bo» bar! 0 0.001
-AU; kJ mol! 0 100
SSL qs mmol g’ 0 30
bo bar’! 0 0.001
-AU kJ mol! 0 100
0.4 mbar
3.0
25°C 35°C 60°C 70°C 80°C120°
2.5+
2.0
©
£
E 15
(®)]
£
®
3 1.0 -
-
0.5
0.0 A

b.0001 0.001 0.01 0.1 1
Pressure (bar)

Figure A4.6. Equilibrium adsorption isotherms for CO», with a log-scale of pressure measured, at 15,
25, 35, 60, 70, 80, and 120 °C up to 1 bar for TIFSIX-3-Ni powder. Solid lines represent the fitting

results from the SSL isotherm model, whose fitting parameters are found in Table A4.3.
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Table A4.3. Fitting parameters with uncertainty bounds for a 95% confidence interval for the SSL

isotherm model for CO; adsorption on TIFSIX-3-Ni.

Adsorbate Equation Parameter Unit TIFSIX-3-Ni
CO; SSL gs mmol g’! 2.04 +0.02
bo (x107) bar’! 1.68 £ 0.08
-AH kJ mol! 58.3+0.1

0.25 0.25

a) N, - - — b 25°C
16°C  25°C  35°C “ N, + Ar 4 O,

0.20 - 0.20 -
‘TO) 'TU')
?E>o.15- . _80'15' "
E . m E . 3

s . g $

go.m- R B §0.10- . ““
g ] . L - 8 [ " & 4
- [ ] n - " - [ ] r * ¢

0.05 - san" 0.05 e st

g "
" m n &
] ‘ ¢
i i 8
0.00 + v T T T T 0.00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Pressure (bar)

Pressure (bar)

Figure A4.7. a) Equilibrium adsorption (filled symbols) and desorption (open symbols) isotherms for

a) N> measured at 15 °C, 25 °C, and 35 °C up to 1 bar, and b) N», Ar, and O, measured at 25 °C up to

1 bar.
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Figure A4.8. H,O adsorption potential for TIFSIX-3-Ni plotted against the H>O loading.
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Table A4.4. Upper and lower bounds imposed on fitting parameters for the UNIV6 isotherm model.

For this fitting procedure, the inverse of the adsorption equilibrium constant K was solved for and

then converted to the final K value post-fitting. The bounds were also updated after every iteration

with the initial and final bounds presented here. This was done as the magnitudes for the & parameters

and correspondingly the m parameters can vary drastically. The same initial bounds are set for all ¢

and m parameters and following the initial fitting, the upper and lower bounds are updated around the

initial estimates (£ 50%) and the parameter estimation is repeated by consequently updating the

bounds, until the error between subsequent estimations is unchanged.

Parameter | Units Initial bounds Final bounds
Lower bound Upper bound Lower bound Upper bound
gs mmol g! | 0 100 18.301 119.28
a; - 0 1 0 1
o2 - 0 1 0 1
o3 - 0 1 0 1
&l kJ mol* | 0 0.0115129 0.21218 9688.0
&2 kI mol! |0 0.0115129 0.18113 6041.1
€3 kJmol! |0 0.0115129 0.19261 7257.8
&4 kJ mol' | 0 0.0115129 0.17640 5583.3
mj kJ mol™ | 0 1 1.3451 4.0353
ms kJmol! |0 1 0.29558 0.88675
ms kJmol! |0 1 0.0028251 0.084754
my kJmol! |0 1 1.4323 4.2969
/K bar 0 0.15 16.451 4.4603 %107
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Table A4.5. Fitting parameters with uncertainty bounds for a 95% confidence interval for the UNIV6

isotherm model for H,O adsorption for TIFSIX-3-Ni determined using experimental isotherm data only

at 15 °C and 25 °C. For this fitting procedure, the inverse of the adsorption equilibrium constant K was

solved for and will need to be converted to the final K value post-fitting.

Parameter | Unit TIFSIX-3-Ni | Initial bounds Final bounds
Lower Upper Lower Upper bound
bound bound bound

qs mmol g | 34.299 + 0 100 18.301 51.449
0.4134

o - 0.22737 + 0 1 0 1
0.00745

o2 - 0.69133 & 0 1 0 1
0.00584

o3 - 0.018041 + 0 1 0 1
0.006288

& kJ mol! 51.397 + 0 0.0115129 | 0.22571 11653
0.364

&2 kJ mol! 41715+ 0 0.0115129 | 0.20324 8520.2
0.051

&3 kJ mol! 43.267 + 0 0.0115129 | 0.20701 9000.2
0.000

&4 kJ mol™! 45.553 + 0 0.0115129 | 0.21243 9722.8
0.198

mj kJ mol! 3.2648 + 0 1 1.6324 4.8972
0.2670

m; kJ mol! 0.99795 + 0 1 0.49898 1.4969
0.03845

ms kJ mol! 0.0014329 + 0 1 0.00071643 0.0021493
0.0141271

my kJ mol™! 0.26840 + 0 1 0.13420 0.40260
0.16651

1/K bar 7.4650 x10°+ | 0 0.15 86.390 6.4498 x10°
0.1120 x10°
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Figure A4.9. a) Isosteric heats of adsorption (solid lines) for a) CO, calculated using isotherm data

measured at 60 °C, 70 °C, 80 °C and 120 °C, and 15 °C, 25 °C, and 35 °C, and for b) N» and c) H>O,

with corresponding 95% upper and lower confidence intervals (dashed lines).
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Table A4.6. Smoothing spline values used in MATLAB for the interpolation of CO., N, and H,O data

to calculate the corresponding isosteric heats of adsorption for TIFSIX-3-Ni.

Adsorbate Smoothing values
CO2 0.999995
N2 0.999999
H>O 0.95
0 0
a) / b) ] e 288K
e® Equation y=a+b * 208K
2 7 o *° -2 4 |intercept -3.11435+ 000209 e 308K
—— ‘ ou - — ® 333K
oe had Equation y=a+b'x Equation y=a+b'x ® 343K
4 - -4 - | \nercept 523792 + 0.0081 Intercept -5.81782£00118) ® 353 K
® o0 ® 393K
B T 09°%0 ®° — _'_._4—4-""""
S - o® ‘/” = e
T -6+ wnet T &4 Equaton  y=a+b'x
% 6 | geemme® o %% PE-, 6 000 . intercept -8.66333%0.0673
= = quation =a+ )
o o® -"','.4’-.,// o 288K 7 [ tercept W
‘ . ¢ s 1 Equation y=a+b'x Equation y=a+bx
10 ® 333K 10 |Intercept -8.37296 £ 0.1158 Intercept -1039645£0.18
- ® 343K -V
® 353K J
e 393K
'1 2 T T T T '1 2 T T T
0.0 0.5 1.0 1.5 .0 2.5 0.0 0.5 1.0 1.5 2.0
n n
12
c) y-intercept,a_ K = exp(-a} T 1T In{K} d)
-10.39645 32743.18082 288.15 0.00347  10.39645 1
-9.37296 11765.89063 29815 0.00335 937296
-8.66333 5786.77257 30815 0.00325 866333 10 4
-6.34827 571.56315 33318  0.00300 6.34827 ]
-5.81782 336.23825 34315 0.60291 581782
-5.23782 188.27808 353.16  0.00283 523792 8 4
-3.11435 2251879 38315  0.00254 3.11435
¥ 64
-4 6
4 4
7 Equation y=a+b'x
24 Intercept -17.23176 + 0.59023
Slope 7938.58831 + 192.49144
) R-Square (COD) 0.99707
0 T T T
0.0020 0.0025 0.0030 0.0035 0.0040
1T

Figure A4.10. a) Virial plot of all measured CO; isotherm data for TIFSIX-3-Ni, where pressure (P),

loading (1), and temperature (7) values are in units of bar, mmol g!, and Kelvin, respectively. b) Virial

plot showing the selected low loading data fitted to linear equations. The y-intercepts of each fitted

equation are used to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters

used to determine 4Hy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate

AH,.
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Figure A4.11. a) Virial plot of all measured N> isotherm data for TIFSIX-3-Ni, where pressure (P),

loading (1), and temperature (7) values are in units of bar, mmol g!, and Kelvin, respectively. b) Virial

plot showing the selected low loading data fitted to linear equations. The y-intercepts of each fitted

equation are used to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters

used to determine 4Hy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate

AH,.
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Figure A4.12. a) Virial plot of all measured H»O isotherm data for TIFSIX-3-Ni, where pressure (P),
loading (1), and temperature (7) values are in units of bar, mmol g!, and Kelvin, respectively. b) Virial
plot showing the selected low loading data fitted to linear equations. The y-intercepts of each fitted
equation are used to calculate the Henry constant K. ¢) Summary of fitted and calculated parameters

used to determine 4Hy. d) Plot of InK vs. 1/T fitted to a linear equation, whose slope is used to calculate

AH,.
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A4.3 Manufacturing considerations
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Figure A4.13. N> adsorption (filled symbols) and desorption (open symbols) isotherms at -196 °C with

log-scale of pressure and loading for a) different batches of TIFSIX-3-Ni and b) TIFSIX-3-Ni powder,

ground powder, and pellet (batch 5).
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Figure A4.14. CO, adsorption (filled symbols) and desorption (open symbols) isotherms at 0 °C with

a) linear and b) log-scale of pressure for batch 5 TIFSIX-3-Ni powder, ground powder, and pellet.
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Table A4.7. Comparison of textural properties of batch 5 TIFSIX-3-Ni powder, ground powder, and
pellet determined using N> adsorption isotherms measured at -196 °C and CO, adsorption isotherms

measured at 0 °C.

TIFSIX-3-Ni N; -196 °C CO,0°C
SBET Vmicropores Vtotal pores SBET Vmicropores Vtotal pores
(m* g™ (em’g") | (em’g) (m* g™ (em’g"h) | (em’g?)
Powder 264 0.11 0.50 183 0.10 -
Ground powder 213 0.09 0.41 186 0.10 -
Pellet 106 0.06 0.24 170 0.09 -
a) | TIFSIX-3-Ni powder CO,, RT
——N,, 160 °C
N,, RT
Air, RT
El
8
oy
‘®
c
2
£

b) | TIFSIX-3-Ni pellet CO,, RT
N,, 160 °C
N,, RT
Air, RT
3
3
2
‘n | { 7
: |
I= J'\—WM
E _/\-———-/j\ fl Fﬂ\
i M ‘f" W W
M‘ ‘WM“'} Yo M’j \‘J\J \ ‘
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Figure A4.15. In-situ XRD patterns of batch 5 TIFSIX-3-Ni a) powder and b) pellet under different gas

flows and temperatures. Vertical lines are included to help visualize the changes in the patterns.
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A4.3. Adsorbent stability under process conditions

Table A4.8. Images of the colours of batch 5 TIFSIX-3-Ni powder samples after exposure to different

humidity conditions and subsequent characterisations.

Situation

1

2

3

Initial appearance

As
synthesised
(batch 5)

Appearance after
ex-situ degas at 160 °C

Appearance after CO, 25
°C isotherm measurement

Exposure
to HO
(25 °C,
15% RH)

Similar to C1

Exposure
to H,O
(25 °C,
48% RH)

Similar to A2

Similar to A2

Exposure
to H,O
(25 °C,
77% RH)

Similar to C1

Similar to A2
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Table A4.9. Atomic composition and molar ratio (normalised to Ni) of TIFSIX-3-Ni samples (as

synthesised, after H,O exposure, and after air exposure) determined by XPS.

TIFSIX-3-Ni C N (0] F Ti Ni
sample

Atomic As-synthesised 36.7 16.6 4.7 28.8 54 7.8

c(()) mposition After exposure 324 14.5 5.8 32.7 6.1 8.6
(%) to H.O

(25 °C, 77% RH)
After exposure 29.8 13 8.7 324 7.1 8.9

to ambient air
(6 months)

Molar ratio | As-synthesised 4.7 2.1 0.6 3.7 0.7 1.0

g)“;g‘ahsed After exposure 38 17 0.7 38 0.7 1.0
to H,O
(25 °C, 77% RH)

After exposure 3.3 1.5 1.0 3.6 0.8 1.0
to ambient air
(6 months)
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Figure A4.16. XPS data and peak fittings of the a) C 15, b) N 1s, ¢) F 1s, d) Ols, e) Ti 2p, and f) Ni 2p

core levels of TIFSIX-3-Ni samples (as synthesised, after H>O exposure, and after air exposure). Peaks

were assigned based on information from the NIST XPS Database [4] and the sample’s structure [5].

289



1000

a) 1 TIFSIX-3-Ni powder batch 5 |
A 1 o As-synthesised 4
w 15% RH, 25 °C
o e 48%RH,25°C
"'E 1004 ® 76%RH,25°C
L ] o=
o ® .’ ¢
() ]
£ ° ¢ ¢
[=]
2 . * .,
< 10 E po o e
% 4
= °o o
1]
3
]
1E-8 1E-6 0.0001 0.01 1
Pressure (P/P?)
1000

1 TIFSIX-3-Ni powder batch 3

e As-synthesised

40 °C, 75% RH air (14 days)
* 40 °C, 90% RH air (14 days)
1004 e Ambient air (6 months)

Quantity Adsorbed (cm?® g’ STP) £

° L]
L]
L]
10": o
* L
([ ]
1E-8 1E-6 0.0001 0.01 1
Pressure (P/P?)
1000 5
c) ] TIFSIX-3-Ni pellet batch 5
& * As-synthesised
o ® Post-cycling
™
"’E 100 4
S ]
?
8 o
o . 2
B o** d
< 104 g ./
= ] ‘ é
= ]
4 ’ R
c 5
1E-8 1E-6 0.0001 0.01 1

Pressure (P/P°)

Figure A4.17. N> adsorption (filled symbols) and desorption (open symbols) isotherms at -196 °C with
log-scale of pressure for a) batch 5 TIFSIX-3-Ni powder exposed to H,O, b) batch 3 TIFSIX-3-Ni

powder exposed to H>O and O, and c) batch 5 TIFSIX-3-Ni pellet before and after cycling.
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Table A4.10. Images of the colors of batch 3 TIFSIX-3-Ni powder samples after exposure to different

humidity conditions in air and subsequent characterisations.

the laboratory for
6 months

4 5 6
Initial appearance Appearance Appearance after
after ex-situ CO, 25 °C isotherm
Situation degas at 160 °C | measurement
As-synthesised Similar to Similar to E4
(batch 3) Table A4.8 A2
E
Exposure to air Similar to
(40 °C, 75% RH, Table A4.8 A2
14 days)
F
Exposure to air Similar to
(40 °C, 90% RH, Table A4.8 A2
14 days)
G
Exposure to Similar to
ambient air from Table A4.8 A2
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Figure A4.18. Mass change of batch 5 TIFSIX-3-Ni pellets over the course of a desorption-adsorption-
desorption cycle under a flow of ambient air from the laboratory carried out using a thermogravimetric
analyser. Black squares indicate the cut-off times used for adsorption and desorption segments in the

cyclic experiment.
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Figure A4.19. Comparison of the amount of gas adsorbed under a flow of ambient air by as-synthesised
batch 5 TIFSIX-3-Ni pellets and TIFSIX-3-Ni pellets which have undergone 50 cycles of adsorption at

30 °C for 1 h and desorption at 160 °C for 15 min using a thermogravimetric analyser.
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Appendix 5. Functionalised zeolites study
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Figure AS5.1. FTIR spectra for ZY samples functionalised with NH3 from 400 to 4000 cm'.
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Figure A5.2. TG curves of ZY, ZY-APTMS and ZY-AE-APTMS samples.
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Figure A5.3. Pore size distributions for a) aminosilane-functionalised and b) ZY-NH3 functionalised
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Figure AS5.4. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms for

Nz measured at -196 °C with a log-scale of pressure for a) aminosilane-functionalised samples and b)

7Y -NH3 functionalised samples.
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Figure AS.5. Equilibrium adsorption (filled symbols) and desorption (hollow symbols) isotherms for
CO; measured at 25 °C up to 1 bar for ZY-NH; samples with a) linear and b) log-scales of pressure.

CO; loadings are presented per gram of zeolite rather than per gram of sample.
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Figure A5.6. Comparison of H>O equilibrium adsorption (filled symbols) and desorption (hollow

symbols) isotherms measured at 25 °C for aminosilane-functionalised samples and Lewatit [1].
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Appendix 6. CO2 adsorption kinetics study
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Figure A6.1. a), c), e) Experimental fractional uptake curves (filled circles) for Purolite measured three

times at 60 °C using total flowrates of 100 mL min™', 200 mL min™!, and 300 mL min™!, respectively. b),

d), f) Averaged fractional uptake curve (filled circles) with shaded areas showing the corresponding

standard deviation at each time point and dashed lines showing the fitting results. Time is plotted on a

square root scale for clarity.
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Figure A6.2. a), ¢), e) Experimental fractional uptake curves (filled circles) for TIFSIX-3-Ni measured
three times at 60 °C using total flowrates of 100 mL min, 200 mL min™!, and 300 mL min’,
respectively. b), d), f) Averaged fractional uptake curve (filled circles) with shaded areas showing the
corresponding standard deviation at each time point and dashed lines showing the fitting results. Time

is plotted on a square root scale for clarity.
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Figure A6.3. a) Experimental fractional uptake curves measured for Lewatit at 30 °C, 45 °C, and 60
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point and dashed lines showing the fitting results. Time is plotted on a square root scale for clarity.
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301



Check for near isothermal conditions
According to Brandani and Mangano, near isothermal conditions are achieved when the dimensionless
group I', given by equation (A6.1), is less than 1 [1].

AH?  Fco

I =
RgT§ 3krVs

“R5  (A6.])

AH is the heat of adsorption, R, is the ideal gas constant, 7y is the initial temperature, F is the volumetric
gas flowrate, ¢y is the initial gas (i.e. CO;) concentration, kris the carrier gas (i.e. He) thermal
conductivity, Vs is the volume of the solid calculated by dividing the sample mass by the adsorbent
particle density, and R, is the adsorbent particle radius. The parameter values shown in Table A6.1 were
used to calculate I” for an experiment conducted at 30 °C, 200 mL min™! total flowrate, and 400 ppm
CO, using Lewatit, which has a particle density of 0.74 ¢ cm™ and heat of adsorption of 81 kJ mol™! at
the loading level corresponding to 400 ppm CO; [2]. I assumed a sample mass of 27 mg and particle
radius of 0.5 mm.

Using these values, I"is ~ 7.0 X 107, Since the input parameters for other temperatures, flowrates, and
adsorbents would be on the same order of magnitude as those shown in Table A6.1, we can assume that
I" is less than 1 for all the conducted experiments, and we are therefore operating at near isothermal

conditions.

Table A6.1. Parameter values for a kinetic sorption measurement conducted at 30 °C, 200 mL min!

total flowrate, and 400 ppm CO, using Lewatit.

Parameter Unit Value

AH J mol! 81 x 10°
Ry J K-'mol! 8.314

Ty K 303

F m?s’! 3.3 x10°
co mol m 1.6 X 102
kr Wm!K! 0.15[318]
Vs m’ 3.6 x 108
R, m 0.50 x 1073
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Error propagation for kipr(T) calculations
Uncertainty bounds for a 95% confidence interval for k;pr(7T) were calculated using equation (A6.2)

between temperatures of 20 °C to 70 °C:

2 (2(1—2) o'ge(za_%)
o = |o2el207rr) 4 BT (pg 0

R2T2
where o1, 0., and o, are the 95% confidence interval half-widths for k;pr, In(kg), and E,, respectively,

and a and b are the fitted parameter values for In(ky), and E,, respectively.

TGA equilibrium loading calculations
The equilibrium loadings of the TGA measurements done at 30 °C, 45 °C, and 60 °C with a total
flowrate of 200 mL min™! of 400 ppm CO, balanced with He were calculated using the following
procedure:
1. For each measurement, the mass of the dried sample (in g) is determined by subtracting the
absolute value of the TGA mass reading when CO»/He is first introduced (i.e. beginning of step
3 as described in Section 8.2.2) from the initial sample mass.
2. The mass of CO; adsorbed (in g) is extracted from mgna from equation (8.4) shown in Section
8.2.3.
3. The amount of CO; adsorbed is converted to units of mmol using the molar mass of CO;
(0.04401 g mmol™)

4. The CO; loading per gram of dried sample can be determined by dividing step 4 by step 1.
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Isotherm model equilibrium loadings

CO:s loadings at 400 ppm (i.e. 0.4 mbar) and 30 °C, 45 °C, and 60 °C were calculated from the CO,
isotherm fitting model parameters determined for each adsorbent in Chapters 5 and 6 [2, 3]. Uncertainty
bounds on the loading values were determined using Monte Carlo error propagation of the uncertainty
bounds of the fitted parameters. 100,000 samples were used for the Monte Carlo error propagation, and
the samples were taken from a uniform distribution. The random number generator in MATLAB was
reset using the “rng default” command prior to the sampling.

CO; isotherms for Lewatit and Purolite were fitted to the Chemi-Physisorption (CP) isotherm model
given by equations (A6.3) to (A6.6), with fitted parameters and corresponding uncertainty bounds for

a 95% confidence interval provided in Table A6.2.

= Npnys + Nenem * 1 = qc,c,(r).bp(::uL [%] . exp (—%) (A6.3)
[+@pp) ] chem

o) = duo-expx (11 )]  (A64)

b(T) = by - exp (=) (A6.5)

() =10+ a(1-2) (A6.6)

P is the pressure, T is the temperature, g-(7) and g« are the maximum CO, capacities associated with
physisorption and chemisorption, respectively, E, is the activation energy, g« is the maximum CO»
capacity at the reference temperature 79, b(7) is the CO; adsorption coefficient defined by a constant by
and the internal energy change during adsorption AU, R is the universal gas constant, 7(7) is the surface
heterogeneity parameter, 7, is the surface heterogeneity parameter at 7y, and y and a are factors

determining the temperature dependencies of g..(7T) and (7).

304



Table A6.2. Fitting parameters with uncertainty bounds for a 95% confidence interval for the CP

isotherm model for CO; adsorption for Lewatit and Purolite.

Equation | Parameter | Unit Lewatit Purolite

CP q..0 mmol g’! 2.5649 +0.0112 2.9094 +0.0189
boyp (< 10 bar! | 1.0481 + 0.0340 0.95981 £ 0.04947
-A4U, kJ mol! 105.51 +£0.09 105.23 £ 0.14
Ty K 298.15 298.15
70 - 0.34307 £ 0.00177 0.40143 + 0.00360
a - 1.3867 = 0.0384 1.9943 +0.0951
X - 1.6364 + 0.0535 2.5219 +0.0864
q.c mmol g! 1.0509 + 0.0259 3.5580+0.0910
bo,c (x 10%) bar! | 1.0335+0.0524 21.190 £ 1.370
-AU, kJ mol! 13.496 = 0.137 6.9953 £0.1802
E, kJ mol! 0.60049 + 0.06427 3.1302 £ 0.0696

CO; isotherms for TIFSIX-3-Ni were fitted to the dual-site Langmuir isotherm model given by
equations (A6.7) to (A6.9), with fitted parameters and corresponding uncertainty bounds for a 95%

confidence interval provided in Table A6.3.

_ qs1'b1(T)'P | qsp'bo(T)-P
T 14b(T)P 1+b,(T)-P (A6.T)
-AU
by(T) = by, - exp (=) (A6.8)
—AU.
by(T) = by, - exp (22) (A6.9)

T is the temperature, P is the pressure, ¢s; and ¢,» are the maximum CO, capacities, b;(T) and b>(T) are
the CO; adsorption coefficients defined by constant by ; and by» and the internal energy change during

adsorption 4U; and AU-, respectively, and R is the universal gas constant.
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Table A6.3. Fitting parameters with uncertainty bounds for a 95% confidence interval for the DSL,

isotherm model for CO; adsorption on TIFSIX-3-Ni.

Equation Parameter Unit TIFSIX-3-Ni
DSL qs1 mmol g 0.38737 + 0.02037
b1 (x10”) bar™! 3.4932 +0.4670
-AU; kJ mol! 29.256 = 0.360
qs2 mmol g! 1.8730 £ 0.0085
b, (x107) bar’! 1.2200 + 0.0355
-AU; kJ mol! 59.798 £ 0.079
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@ MonCommercial — You may not use the material for commercial purposes .

@ MoDerivatives — If you remix, transform, or build upon the material, you may
not distribute the modified material.

Mo additional restrictions — You may not apply legal terms or technological
meazsures that legally restrict others from doing anything the license permits.
Notices:

You do not have to comply with the license for elements of the material in the public
domain or where your use is permitted by an applicable exception or limitation .

Mo warranties are given. The license may not give you all of the permissions neceszary for
your intended use, For example, other rights such as publicity, privacy, or moral rights

may limit how you use the material.
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